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EXECUTIVE SUMMARY 


The Mir Environmental Effects Package (MEEP) was deployed on theM> station by STS-76 and retrieved, 
following 18 months in space, by STS 86. This payload, managed by Langley Research Center, included the orbital 
debris collector (ODC) that was designed and built at the Johnson Space Center. The objective of ODC was to 
capture and return analyzable residues of the man-made and natural particulate environment in low-Earth orbit for 
a detailed assessment of its compositional makeup and potential origins. 

ODC exposed highly porous, low-density (0.02 g/cm 3 ) Si0 2 aerogel as the basic collector medium. Based on 
laboratory impact simulations by a number of groups, this material is ideally suited to gently decelerate and capture 
hypervelocity particles, as demonstrated by unmolten remnants of silicate and aluminum projectiles fired at veloci- 
ties as high as 7 km/s. This capability offers a significant improvement over traditional, comparatively dense 
collector media, including those exposed on the long-duration exposure facility (LDEF). The latter resulted in 
pervasive melting, if not complete vaporization of many impactors, leaving little or no residue for analysis. The 
expectation was that ODC would return a larger number and wider diversity of particles than all previous collec- 
tion efforts in low-Earth orbit. 

Even cursory inspection of the returned ODC collectors revealed a surprising variety of impact features. The 
major class of slender, carrot-shaped penetration tracks was as expected from laboratoiy impacts, including the 
presence of trapped projectile residue at their termini. The typical length (L) to diameter (D) ratio of these tracks 
is L/D > 20, and as high as 40. A second class of features is rather shallow, with L/D ranging from 0.5 to 5. For 
the most part, these shallow/^ did not contain measurable residues, and have no experimental analog at veloci- 
ties as high as 7 km/s. Impact features exhibiting morphologies intermediate between these two extremes suggest 
that there is a morphological continuum. We suggest this continuum to be an evolutionary sequence related to 
impact velocity. The deep tracks reflect modest encounter velocities, consistent with unmolten penetrators at the 
terminus, while the shallow pits form above some threshold velocity that resulted in pervasive vapor production and 
thus, shallow penetration, combined with substantial, if not complete, loss of the impactor. Apparently, the utility of 
aerogel has a velocity dependent limit beyond which complete vaporization of the impactor may not be prevented. 
This threshold velocity for vaporization is unknown for aerogel but it is undoubtedly higher than for nonporous 
materials, rendering aerogel the vastly superior collector medium in low-Earth orbit. 

A third group of impact features in the ODC aerogel is related to low-velocity impacts of co-orbiting flakes 
and liquid droplets, all human waste products and the result of wastewater dumps. These features are either very 
irregular in shape and shallow (L/D < 0.5), associated with pervasively crushed aerogel and copious amounts of 
particulate impactor material, or they are very regular, round depressions of L/D = 1 to 2. The latter possess a thin 
petri dish-shaped deposit in their bottoms that displays highly concentric qualities (e.g., color shades) suggesting 
in situ formation by evaporation from a liquid. The encounter with liquid droplets was also reported from other 
MEEP experiments. 

ODC exposed two identical trays. Tray 1 nominally pointing into the ram direction. Tray 2 in the opposite 
direction. The macroscopic survey of all impact features > 3 mm reveals Tray 1 to be dominated by low-velocity 
waste impacts, ~ 73%, as opposed to 25% on Tray 2. Pits make up ~ 16% on Tray 1 and 29% on Tray 2, and 
tracks compose the remaining 11% and 45% on Tray 1 and 2, respectively. The high-track abundance on Tray 2 is 
affected by discrete clusters of tracks, all of the same orientation (azimuth and inclination), suggesting that they 
resulted from a swarm of secondary projectiles from a local, primary impact. Detailed optical analysis of aerogel 
surfaces is time-consuming and, to date, is limited to features > 500 pm and to 30% of each tray surface. The 
distribution of track lengths on both trays is nearly identical. The radiants from which track-forming particles 
originated are random on both trays, except for the clustered impactors on Tray 2. The ratio of track length to 
residue size scatters widely, akin to experimental results, and attests to highly idiosyncratic penetration and mass- 
loss processes for individual aerogel impacts. Therefore, it is not possible to extract meaningful data regarding 
initial impactor mass from aerogels. As a consequence, particle-flux measurements derived from ODC are rather 
qualitative, although of the same order of magnitude than those derived from LDEF. 


Harvesting and compositional analysis of individual particles is tedious, and significant effort went into the 
development of suitable techniques, minimizing the inadvertent loss of particles typically 1 0 pm or smaller. The 
compositional analyses using scanning electron microscopes/energy dispersive X-ray spectroscopy methods 
concentrated on a survey-type inventory of diverse particle types and associated impact features. Accordingly, all 
flake and droplet features typically contain the biogenic elements K, Na, Cl, and P and must be assigned to human- 
waste products. All highly transparent pit features analyzed to date contain no detectable impactor residue; the 
latter is presumably vaporized, attesting to the high-velocity origin of these features. The majority of the carrot- 
shaped tracks contain analyzable residue. Among man-made particles we detected metallic Al, stainless steel, 
soldering compounds, and paint flakes. The swarm event is apparently due to some natural impactor, containing 
Fe, Mg, and Ca, that must have fragmented upon impact with a neighboring structure on Mir. One cosmic-dust 
particle was embedded in epoxy, microtomed, and investigated with transmission electron microscope methods, the 
first unmolten, natural particle ever to be retrieved from low-Earth orbit for such detailed textural and mineralogical 
studies. 

In summary, the optical analysis of the Mr collectors is complete, as is the survey type assessment of man- 
made or natural classes of particles. Although ODC observations suggest that the utility of aerogel for the capture 
of hypervelocity particles may be velocity limited, its performance is vastly superior to traditional, nonporous media. 
Hundreds of impactor residues were returned by ODC. Future ODC efforts will concentrate on the compositional 
analysis of a statistically significant fraction of these particles and an improved assessment of their origins. 
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INTRODUCTION 


Man-made debris in low-Earth orbit (LEO) constitutes a population of hypervelocity projectiles that 
present a substantial collisional hazard to spacecraft. The damage will range from submicroscopic impact 
features that can adversely affect critical subsystems to the catastrophic fragmentation of entire space- 
craft. Substantial progress has been accomplished during the past decade in characterizing the current 
debris population and its origins (Johnson and McKnight, 1991; Kessler, 1996). However, substantial 
uncertainties still exist, including the detailed mass distribution, flux, and origin(s) of debris particles < 1 cm 
in size. Such small particles are far beyond the spatial resolution of ground-based observations and can 
only be characterized with in situ observations by flight instruments. The orbital debris collector (ODC) 
experiment, the subject of this report, is such an instrument. The objectives of ODC were to non-destruc- 
tively collect debris particles in LEO and to return them to Earth for detailed mineralogical and composi- 
tional analyses. This information is indispensable to reconstruct the sources and origins of the debris 
population, and to develop strategies for their potential mitigation. 

The basic instrument concept for ODC was an outgrowth of the successful analysis of hypervelocity 
impact features on returned materials from the Solar Maximum mission (Warren et al, 1989) or the Long- 
Duration Exposure Facility mission (LDEF; see Levine, 1991 ; 1992; 1993). Scanning electron microscope 
(SEM) methods combined with energy-dispersive X-ray spectroscopy (EDS) revealed the ability to 
differentiate, on compositional grounds, among man-made and natural impactors (Zolensky et al., 1 992). 
The latter derive from asteroids and cometaiy sources (Brownlee, 1985) and are an inevitable component 
of the hypervelocity particle environment in LEO. A variety of compositional subclasses were recognized 
among the man-made debris particles, including paint flakes, human waste, steel, metallic aluminum, and 
aluminum oxide. Similarly, various natural particle types exist, including aggregate particles of chondritic 
bulk composition, and monomineralic silicates or sulfides (e.g., Berthaud et al., 1993- Amari et al. 1992- 
Horz et al., 1993). 

Of particular interest was the discovery of aluminum-rich particles on surfaces occupying the trailing edge 
of LDEF (Horz et al., 1993; Bernhard et al., 1999), where collisions by man-made debris were not expected. 
These findings suggest particle sources in highly elliptic orbits, generally consistent with transfer vehicles to 
geosynchronous orbits and associated effluents (Al,0 3 ) from solid-fuel rocket motors (Kessler, 1992). Unfor- 
tunately, these detailed observations are confined to a single LDEF tray from the “Chemistry of Micrometeor- 
oids Experiment” (CME) that employed high-purity gold as the cratering substrate. Since most other LDEF 
surfaces were aluminum, it was not possible to analyze for aluminum in collection media that are themselves 
composed of aluminum. Using thin Be-foils of low X-ray absorption coefficient that permit for the analysis of 
oxygen with the above EDS methods, Bernhard et al., (1999) demonstrated the presence of both metallic 
aluminum (Al) and oxidized aluminum (A1,0 3 ) impactors in the LDEF gold substrates. 

The differentiation into metallic or oxidized impactors is significant, since two major source mecha- 
ntsms are implied. Inadvertent collisional processes most likely produce the metallic particles from struc- 
tural aluminum, while the oxidized particles are combustion products of solid rocket fuels and the products 
of deliberate operational design and practice. These Al-rich particles were the most abundant man-made 
debris type encountered on LDEF’s trailing edge and, as a result, are of substantial interest. What is the 
relative abundance of metallic versus oxidized species? This specific objective requires the exposure of 
collectors that are made from materials other than aluminum, and as a consequence, the collectors ex- 
posed by ODC were made from high-purity Si0 2 . 

The collectors exposed by ODC also took advantage of the substantial progress that had been made 
during the past decade in the basic technology of hypervelocity particle capture. Specifically, highly 
porous, foam-like materials have been developed and introduced (Werle et al., 1981; Tsou, 1995). The 
extremely low density (< 0.1 g/cm 3 ) of such materials results in only modest shock stresses being experi- 
enced by the impactor, even at high impact velocities. Indeed, the deceleration of hypervelocity particles 
in such highly porous media seems to be largely governed by classical continuum mechanics (i.e., viscous 
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drag forces and ablative processes), while shock processes seem to be subordinate, following Anderson 
and Ahrens (1994). However, this conclusion is valid only if the thickness of the solids, such as mem- 
branes or fibers, that compose the collector are small compared to typical impactor dimensions. If the 
dimensions of the solids are on the order of typical impactor dimensions, the projectile will sense them as 
relatively massive, if not as infinite half-space targets, and severe shock becomes unavoidable. As Si0 2 - 
based aerogel is made up of a network of irregular chains and clusters of Si0 4 tetrahedra ~ 40 - 60 A 2 
thick and 200 - 300 A long, such materials easily meet this thickness criterion and are ideal for the decel- 
eration of micron-sized projectiles. Laboratory impacts at 7 km/s show that the total penetration depth of 
50 mm glass projectiles is typically 200 - 300 times the projectile diameter in 0.02 g/cm? aerogel, thus 
necessitating collector thicknesses for flight instruments approaching centimeters (Horz et al., 1997). The 
technology to manufacture aerogels of such thicknesses, specifically those based on SiO (Fricke, 1988; 
Hrubesch and Poco, 1990; Tsou, 1 995), is also a relatively recent development, as is the ability to manu- 
facture aerogels of densities as low as 0.02 g/cm 3 . 

As summarized by Tsou (1995) and below, Si0 2 -based aerogel was successfully exposed in space and 
returned to Earth prior to ODC, yet densities were high (0.1 g/cm?), collector size was modest, and 
exposure times were short. The area/time product of the aerogel exposed by ODC is more than an order 
of magnitude larger than all prior aerogels combined, establishing ODC as the most significant opportunity 
to evaluate the performance of space-exposed aerogel in capturing analyzable particle residues for return 
to Earth and analysis. The continued development of optimum capture media for hypervelocity particle 
must be viewed as an integral part of orbital-debris (and cosmic-dust) studies in Earth orbit, as future 
experiments will be needed to monitor the short- and long-term evolution of these particle populations to 
assure safe flight operations in Earth orbit. 

Combining these background materials and developments leads to the following justification for the 
deployment of ODC as part of the Mir Environmental Effects Package (MEEP): 

a . Capture and compositional characterization of orbital-debris particles and evaluation of their 
origins. 

b. Establish the relative frequency of metallic versus aluminum-oxide particles. 

c . Determine the relative roles of man-made debris and natural dust for the collisional hazard in 
LEO. 

d. Evaluate the performance of Si0 2 -based aerogel for the capture of hypervelocity particles and its 
utility in the long-term monitoring of the temporal evolution of the hypervelocity particle environ- 
ment in LEO. 

INSTRUMENT DESIGN 

ODC was one of four experiments composing the MEEP, a payload Langley Research Center 
(LaRC) designed and developed on behalf of the Space Station, and whose objectives were to assess the 
exterior environment of Mir (see http://setas-www.larc.nasa.gov/setas/meeD/meep.htmn This environ- 
ment may be affected by different operational practices, as well as by different orbital inclination, 5 1 ° for 
Mir versus 28° for the Space Shuttle. All MEEP instruments were housed in identical containers that 
resembled metal suitcases. Each container possessed hinges that permitted the rotation, by 360°, of the 
top and bottom halves, each half containing an (essentially identical) instrument tray. The inside dimen- 
sions of each half container allowed for packages ~ 62 x 62 x 8 cm in dimensions. When closed, the 
experiment trays were stowed face-to-face; deployment on Mir involved rotation of the two halves such 
that they were back-to-back exposing the two collector surfaces into opposite viewing directions. Nomi- 
nally, one tray pointed in the general forward (ram) direction, paralleling the orbital motion of Mir, with the 
second tray pointing into the antipodal direction. Deployment and retrieval of the MEEP containers was 
accomplished via dedicated extravehicular activity (EVA). 

ODC employed Si0 2 -based aerogel produced at the Jet Propulsion Laboratory (JPL), Pasadena, 
California (see http://eande.lbl.gov/ECS/aerogels/satoc.htm or http://stardust.ipl nasa gov/index.html V 
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Preliminary impact tests with such aerogels and velocities up to 7 km/s revealed that particles residing at 
the terminus of long, carrot-shaped penetration tracks were essentially unmelted (Tsou et al., 1988; Barrett 
et ah, 1992; Mendez, 1994; Tsou, 1995; Burchell and Thomson, 1996; Horzetal., 1997). Consistent with 
JPL’s state-of-the-art aerogel manufacture capabilities, we impact-tested a series of aerogels ranging in 
density from 0.01 to 0.05 g/cm 3 , while most previous tests utilized aerogels of higher densities, typically 
0.1 g/cm 3 . As documented in Horz et al. (1997), track length strongly depends on the aerogel density, yet 
there is no clear, much less a strong, relationship between track length and mass of the recovered projec- 
tile residue. Nevertheless, the particles recovered from aerogels < 0.05 g/cm 5 were generally larger than 
those recovered from aerogels possessing higher densities. As a consequence, we selected the lowest- 
density aerogel of 0.02 gem 3 that could be reliably manufactured, in late 1 995, into monolithic specimens of 
10- x 10-cm surface dimension and ~ 1 1-mm thickness. This thickness was sufficient to terminate a 
(dense glass) particle of 50 mm diameter (at normal incidence at 7 km/s velocity). Aerogels < 0.02 g/cm 3 
were largely experimental products in 1995 and not available in the proper thicknesses to be considered for 
ODC; they were also excessively cumbersome to handle and process. 

Each half of the ODC MEEP package housed an identical instrument tray as illustrated in Figure 1 A. 
The major component of each tray 
was the assembly frame, fabricated 
from monolithic aluminum, 0.5” (12.5 mm) 
thick, containing 36 openings or cells, 
each 9.60 cm square. Most of the 
aerogel tiles were modestly over- 
sized (9.7 - 9.8 mm on a side) 
relative to the cell dimensions. 

Indeed, vibration and shock tests 
performed during flight-acceptance 
testing revealed that modest com- 
pression of aerogel is desirable to 
firmly secure the tiles within the 
assembly frame via frictional forces. 

Aerogel is surprisingly compressible 
and easily handled at low-strain 
rates, yet becomes fairly brittle, akin 
to glass, at high-strain rates. Many 
tiles were non-planar, on occasion 
even wavy and upturned at the 
edges. However, the 12.5-mm-deep 
assembly frame readily accommo- 
dated such deviations from the 
nominal tile thickness of 1 1 mm. 

The tiles were press-fit into the 
assembly frame from the rear, with 
the frame resting face down on a flat 
surface to ensure a flush fit, and 
precluding any substantial protru- 
sion^) of aerogel above the frame 
surface. Following the installation of 

all aerogel collectors, a solid aluminum plate (i.e., interface plate ; 7 mm thick; see Figure 1) was attached 
to the back side of the assembly frame, while a red-anodized, 2-mm-thick eAummumhold-down grid (see 
Figure lb) was attached to the frame’s front surface. The openings of this hold-down grid were registeredto those of the 
assembly frame, but possessed only 9.30-cm-square openings. This resulted in a 1 .5-mm-wide overlap or 



Figure 1. (A) 3-D view showing the major components for one of the 
two ODC trays and (B) Schematic cross-section of ODC showing the 
relationship of the MEEP container, interfaceplate, assembly frame, 
and hold-down grid. 


3 


shoulder around the entire circumference of each frame opening, intended to prevent any aerogel tile from 
slipping through the tray’s front opening. Of the 21 bolts attaching the hold-down grid to the assembly 
frame, nine passed completely through the frame into the interface plate, securing the latter to the frame. 
In turn, the interface plate was attached to the MEEP container via a series of aluminum standoff devices 
(i.e., interface-plate standoffs; see Figure 1), the latter threaded and accepting screws on both ends. 

The overall design aimed at firmly sandwiching the aerogel tiles between the (largely transparent) 
hold-down grid and the solid interface plate. The openings within the hold-down grid fixed the effective 
collector surface of each ODC tray at ~ 0.3 19 m 2 . An additional, solid aluminum plate could be mounted 
on top of the hold-down grid to protect the delicate aerogel during all ground handling and shipping of the 
loaded experiment from JPL to LaRC, where integration with the MEEP containers and final flight accep- 
tance took place. 


EXPOSURE ON MIR 


The MEEP package, consisting of four individual containers, each housing a dedicated experiment, 
was launched on STS 76 on March 25, 1996. The MEEP containers were stored in the Space Shuttle’s 
cargo bay during both launch and landing of the Shuttles. Astronauts M.R. Clifford and L.M. Gooding 
deployed the MEEP instruments on March 27, 1996. A schematic layout of the Mr station and its major 
components can be seen in Figure 2. A special clamping device allowed the MEEP containers to be 
mounted/attached to the handrails of the Shuttle’s docking module (DM) on Mir. The POSA I and II 
instruments exposed various optical surfaces in an effort to evaluate surface deposits and/or contaminants 
( see http://setas- www.larc.nasa.gov/setas/meeD/posal.html and http://setas-www.larc nasa.gov/setas/ 
meep/posa2.html , respectively), while the polished plate meteoroid detector (PPMD) exposed gold, tin, and 
aluminum as cratering targets (see http:// 


setas-www.larc.nasa.gov/setas/meep/ 
ppmd.htmD . Figure 3 shows ODC and other 
MEEP experiments in their nominal expo- 
sure configuration on Mir. Ideally, Tray 1 of 
ODC faced in the forward direction, and 
Tray 2 into the antipodal direction; Mir ' s 
velocity vector is approximately in the plane 
of the paper in Figure 3, going from left to 
right. Figure 4 shows scenes during retrieval 
operations by STS 86 astronauts S. 
Parazynski and V. Titov on October 1, 1997. 
The beginning of the ODC harvesting 
procedure is illustrated in Figure 4a with 
astronaut Parazynski having unlatched and 
starting to rotate (360°) the Tray 2 side of 
the MEEP container. Note that the Tray 1 
half remains stationary during this operation, 
as it is still connected to the mounting 
bracket/clamping device, which can be more 
clearly seen in association with the neighbor- 
ing PPMD experiment. Figure 4b depicts 
the closing operation at ~ 50% complete, 
with Tray 2 just rotating past the 180° mark 
relative to Tray 1 . Both deployment and 
retrieval operations were nominal and 
observations by the STS 86 crews did not 


Priroda 



Figure 2. Overview of Mir illustrating major subsystems and a docked 
Shuttle. All four MEEP containers were attached to handrails on the 
US docking module, immediately above the Shuttle. 


4 


reveal any anomalies 
with ODC after ~ 18 
months of exposure. 
None of the delicate 
aerogel tiles seemed 
damaged, much less 
missing. 

Due to a wide 
variety of unscheduled 
and — in part — poorly 
documented orbital 
maneuvers precipitated 
by a number of opera- 
tional anomalies on Mir, 
the detailed orientation 
of ODC relative to the 
station’s orbital motion 
remains poorly under- 
stood, as are geometric 
shielding factors by 
neighboring structures. 
Only recently has the 
detailed attitude data for 
Mir become available, 
but the time-consuming 
evaluation and analysis 
of these data have not 
been initiated. The 
neighboring PPMD 
experiment (see Figure 
4) included a pinhole 
camera, which regis- 
tered the impingement 
of atomic oxygen on an 
Ag-containing sensor 
surface, and thus, the 
relative movement of 
the instrument about 
Mir ' s ram direction 
(Peters and Gregory, 
1991). PPMD and 
ODC pointed into 
essentially identical 



Figure 3. The orbiting Mir station (insert) and detailed view of US DM accommodating 
the four MEEP containers (all in the upper, right-hand quadrant relative to the center of the 
DM). The POSA I (to the right of the 1 2:00 position) and POSA II (to the right of the 6:00 
position) experiments point straight at the viewer, while the two remaining MEEP 
containers (i.e., ODC and PPMD; between the 2:00 and 3:00 position) are essentially edge 
on. The PPMD shared a single handrail (white bar above triangular structure) with ODC. 


directions, which was accomplished by means of registered fiducial marks that had been inscribed on the 
mounting brackets at Kennedy Space Center (KSC) during fit tests of the flight hardware. The PPMD 
pinhole camera yielded a substantially diffuse footpad of atomic-oxygen impingement rather than a single, 
sharp spot. This indicates that the orientation of PPMD (and ODC) relative to Mir was highly variable 
throughout the entire exposure period, and that there was no long-term (or cumulative) exposure in any 
well-defined pointing direction (Kinard, 1998). 


5 


POSTFLIGHT INSTRUMENT PROCESSING 

Following the return of STS 86, the MEEP container housing ODC was removed from the Shuttle’s cargo 
bay at KSC, triple-bagged in a class 10,000 clean room, placed into a dedicated shipping con-tainer, and shipped 
to the Johnson Space Center (JSC), where it was received on October 10, 1997. After uncrating and removal 
of the outermost bag, the container was transferred to the Facility for the Optical Inspection of Large Surfaces 
(FOILS) laboratoiy where it was opened and disassembled. The FOILS laboratory is a class 10,000 clean 
room that contains two major work areas for the processing, inspection, and documentation of exposed flight 



6 


hardware: (a) a class 1,000 flow 
bench and (b) an automated scanning 
platform. This platform is equipped 
with an optical microscope and a 
high-resolution CCD camera that are 
controlled by a dedicated PC 
computer (see below). Note that all 
aerogel collectors are being pro- 
cessed and stored in the FOILS 
laboratory for the duration ODC’s 
analysis phase (i.e., ~ 2 - 3 years). 

After removing the remaining 
two protective bags, the exterior of 
the MEEP container, built from 
aluminum (6061-T6), was closely 
inspected for the presence of 
impact and/or contamination 
features. In general, the MEEP 
container’s exterior and interior 
surfaces were relatively clean and 
pristine, with only modest, honey- 
colored staining in several exterior 
areas, akin to some of the LDEF 
surfaces, although much less 
pronounced than on LDEF. A total 
of nine hypervelocity craters, all 
<500 pm in diameter, were found 
on the exposed MEEP container surfaces. Following the inspection of the exterior surfaces, the container 
was opened as shown in Figures 5 and 6. All aerogel tiles were firmly in place and all but one were 
exceptionally pristine in appearance, attesting to aerogel’s space worthiness and to highly successful EVA 
operations by the STS 76 and STS 86 crews, respectively. A number of large impact features and pen- 
etration tracks were readily apparent upon opening the MEEP container. Figure 6 shows the first images 
taken of the full trays, in their most pristine state, acquired immediately after opening. Figure 6 also 
illustrates the identification system we employed for individual tiles via letters (vertical columns) and 
numbers (horizontal rows). Note that the MEEP half containing the mounting bracket (substantially 
cropped, middle of left side) is arbitrarily defined as Tray 1, while the Tray 2 half possessed the handle, 
seen on the right side of Figure 6. 

The in-flight orientation of each tile was preserved, with respect to the MEEP container, by placing a small 
silver dot, from a paint pen, in the lower left-hand comer of each tile. This mark served to orient the individual 
tiles during the ensuing investigations, with the marked comer representing the (0,0) origin of the X (horizontal) 
and Y (vertical) axes, permitting each impact feature to be recorded within tray-specific coordinates, which 
could be transferred to Mir , and ultimately to a geocentric frame of reference. 

Following the initial photo-documentation of the opened MEEP container, a protective, transparent 
Plexiglas cover was installed over the exposed surfaces (Figure 7). This cover plate possessed small 
holes that allowed access to screws that were critical to the continued disassembly of the collectors. By 
unscrewing the standoff fasteners, each collector could be removed as a unit from the MEEP container to 
be placed onto a dedicated support structure inside the class 1,000 flow bench for further disassembly. 

The support structure held the assembly frame from the side for easy removal of the hold-down grid 
(Figure 8) and interface plate, being held together by bolts that could be unscrewed from the top. No tiles 
fell out of the assembly frame as the interface plate was removed and lowered ~ 15 mm to the surface of 



Figure 5. Opening of the MEEP container in the FOILS laboratory at JSC. Ram- 
pointing Tray 1 (foreground) rests on the table, while the wake-point Tray 2 
(recognized by the handle bars) is rotated into a nearly vertical position. 
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the flow bench. At 
this point, the fully 
loaded frame was 
essentially free floating 
and merely supported 
at its periphery (Figure 
9). Individual tiles 
could now be pushed 
downward with a 
plunger-like tool to land 
on the interface plate 
after an ~ 3 cm free 
fall. 

All tiles were 
dislodged from their 
respective frames 
during a single session, 
initially residing on the 
interface plate with 
their relative flight 
configurations com- 
pletely preserved as 
seen in Figure 10. 

Note that individual 
tiles varied in color 
exhibiting shades of 
tan to brown. This 



Figure 7. Installation of Plexiglas covers that protected the aerogel collectors during 
most of the disassembly sequence. The covers contained access holes to all critical 
fasteners below. 


coloration was not 

present in the tiles before flight and seems to 
be unrelated to the deposition of surface 
contaminants, since the color varies abruptly 
from tile to tile with specific color being 
relatively uniform for any given tile. The 
discoloration resulted from exposure to space; 
specific mechanisms that cause this tanning 
remain unexplored, yet we suspect that 
oxidation of organic contaminants was 
involved that apparently varied in concentra- 
tion from tile to tile. As shown in Figures 1 1 
and 12, individual tiles were then removed 
from the interface plate and transferred into 
clear, pre-labeled storage containers. In 
general, the aerogel was handled best by 
placing it carefully onto a stout sheet of paper, 
preferably black for maximum contrast and 
ease of seeing and tracking the transparent 
materials. Tray 1 was completely processed 
and harvested in this manner before Tray 2 



was removed from the MEEP container and Figure 8. Removal of the protective Plexiglas cover and hold- 
processed in an identical manner. down grid in class 1 000 flow bench of the F OILS laboratory. 
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Following harvesting, 
each individual tile was 
photo-documented, 
presumably in its most 
pristine state, using high- 
resolution optical 
(Hasselblad) photography, 
referred to as mug shots. 
Examples of this optical 
photography can be seen 
in Figures 13 and 14, and 
a systematic compilation 
of all mug shots is pre- 
sented as Appendix A of 
this report. All mug-shot 
photographs contain the 
tile identifier (e.g., 2B01 
in the top legend; tray [1 
or 2], column [A-F], row 
[01-06]) and are oriented 
such that the (0,0) coordi- 
nates are in the lower 
left-hand comer. Al- 
though the fairly translu- 
cent nature of aerogel 
makes it a difficult 
material to photograph, 
some of the larger impact 
features (> 1 mm) are 
readily recognized in 



Figure 9. Freestanding assembly frame immediately following the removal of the 
aerogel tiles using a flexible plunger tool. The tiles dropped ~3 cm and came to rest 
on the tray’s interface plate. 


Figures 13 and 14; many features « 1 mm can be seen as well. Tile 2B01 (Figure 13) is unusual in the 
sense that it suffered not only the largest impact event of ODC (right-hand side), which was affected/ 
terminated by the frame edge, but it also contains many additional features >2-3 mm in size. Figure 14 is 
more typical of the majority of the ODC tiles, displaying only two large events; a few tiles contain no 
impact feature > 1 mm in diameter. We used these mug shots extensively during the optical scanning 
operations and during the preparation of SEM samples, documenting the physical splitting and subdividing 
of the pristine parent tiles. 


MACROSCOPIC INSPECTION 


Following photo-documentation, all tiles were systematically scanned with the naked eye, aided by a 
hand lens and a flexible, fiber-optic light source to provide variable geometries of illumination. We found 
that a combination of back and side lighting is best for optimum viewing of impact features of various sizes 
and geometry in aerogel. This first-order inspection aimed at identifying and cataloging the occurrence of 
all features > 2 mm in diameter or length, including their relative frequency. Each feature was classified 
and recorded on a transparent overlay of the individual mug shots. Even the most cursory inspection 
reveals morphologically distinct classes of impact features, including transitional stages among some. 

Three basic types of features were distinguished during this macroscopic inspection: (a ) tracks, (b) pits 
and (c) very shallow depressions. Figure 15 contrasts a classical, slender penetration track with a 
substantially hemispherical pit to simply illuminate the existence of dramatically different features and the 
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need for their classification. We will 
augment the macroscopic observations 
of these features with detailed micro- 
scopic observations below, to provide a 
more complete and detailed morpho- 
logic description. Such microscopic 
investigations not only corroborate the 
macroscopic appearance and classifica- 
tion scheme, but they validated and 
extended this scheme to very small 
sizes beyond the resolution of the 
unaided eye. In addition, the micro- 
scopic investigation revealed the 
existence of specific subclasses of 
features and the transitional nature of 
some. 

The major criterion employed in 
classifying the various features was 
their aspect ratio, defined as the 
absolute length or depth (L) relative to 
its diameter (D). The D/L values vary 
widely from 0. 1 to 40. In contrast, 
most hypervelocity craters in space- 
exposed metal surfaces 



Figure 11. Transfer of the ODC aerogel collectors into individual 
plastic containers. 


have relatively constant 
diameter/depth relation- 
ships, clustering prominently 
around 0.5 to 0.6 (e.g., 
Humes, 1991 or Love et al., 
1995). The wide range of 
D/L values in aerogel 
attests to the superior 
sensitivity of a very low- 
density target in recording 
and preserving highly 
variable initial impact 
conditions (e.g., projectile 
density, shape, and/or 
impact velocity). It also 
introduces complexity into 
the description and interpre- 
tation of aerogel features, 
as total track length is the 
most significant parameter 
for very slender tracks. 
However, we sense that the 
feature diameter becomes 



increasingly more important Figure 12. Detail of the aerogel harvesting and handling procedures illustrating 
in the understanding of the use of a flexible spatula-like device to pick up the tiles. Also visible in this 

progressively shallower and image is a detail of the device that supported the ODC assembly frame. 
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ultimately hemispherical pit 
structures. 

We define D as the 
largest diameter of a feature, 
typically encountered at some 
depth below the aerogel 
surface. This maximum 
diameter is generally larger, 
commonly by factors of 2 - 4, 
than the actual projectile 
entrance hole at the aerogel 
surface. We classified 
features as tracks if they 
possessed an L/D > 10, or as 
pits if 0.5 > L/D < 10, and as 
shallow depressions for L/D 
of < 0.5. However, the L/D 
ratio is merely an important 
guide toward the classification 
of all impact features and 
(rare) exceptions to the above 
rules are permitted; L/D 
changes continuously and 
there are transitional cases. 
Additional classification 
criteria may be used, such as 
the presence or absence of 
melt-phenomena, pervasively 
crushed zones of aerogel, or 
the absence or presence of 
copious amounts of particulate 
residue. 



figure i j. Representative “mug shot” of an individual aerogel tile (~10 cm 
square) showing that optical photography possesses adequate resolution to 
resolve impact features at scales of < 1 mm. The actual tile (2B0 1 ) shown contains 
an unusually high number of impact features > 1 mm, including circular pits (white 
arrows) and tracks of various lengths (black arrows). This tile also contains the 
largest impact feature observed on ODC, an ~ 9 mm pit that was truncated by the 
assembly frame (far right). 


Tracks 

Tracks are defined as the classic, carrot-shaped, relatively straight and deep penetrations known from 
any number of experimental impact studies into highly porous and low-density media as summarized by 
Tsou (1990; 1995), or Horz et al. (1997). The L/D values for ODC tracks are by definition > 10, yet they 
are commonly on the order of 20 - 30. A typical ODC track and an example of an experimental track are 
illustrated in Figure 1 6, including enlargements of the major morphologic components. Most tracks have 
entrance holes at the surface of the aerogel collector that are smaller than the diameters of subsequent 
track sections. (Burchell and Thomson, 1996). Such tracks tend to begin to substantially widen immedi- 
ately after penetration of the aerogel surface, resulting in a relatively large diameter and rather long cavity, 
which may be as long as some 30% to 50% of the total track length. The wide diameter and length of this 
cavity account for most of the aerogel mass that was displaced or deformed, and is the reason we refer to 
this portion of a track as its main cavity. For descriptive ease, we refer to the near surface portions of 
such cavities as the track’s throat, which terminates when the maximum diameter (D) of the track is 
reached. By definition, the remainder of the main cavity decreases continuously with depth, yet at highly 
variable rates. Very long, slender cones may contrast with cavities that are substantially cylindrical in 
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shape or that are distinctly bulbous, while 
rare specimens decrease their diameters in a 
distinctly stepwise fashion. The detailed 
geometry of the main cavities of such 
features can vary considerably, yet they all 
taper into a long and slender, needle-like 
strufcture at depth, which we refer to as the 
track’s stylus. This stylus can also occupy a 
substantial fraction of the total penetration 
path, commonly as much as 50% or more. 

It is the presence or absence of this slender, 
needle-like stylus that places such a feature 
as a genuine track. 

In contrast to the main cavity, the stylus 
continuously tapers to the final tip, which we 
refer to as the track’s terminus. Note from 
the enlarged inserts that these terminal 
sections are commonly characterized by 
deformation structures and fractures sys- 
tems that resemble inverted cones. This 
cone-in-cone structure is seemingly a 
characteristic, yet poorly understood mode 
of failure for aerogel, presumably at 



Figure 14. ODC collector mug shot showing tile 1F04, which 
exhibits a more typical track density. 


high strain rates. The very tip of the 
terminus is often curved, as the last 
few cones are misaligned. Projectile 
residue, if present, typically resides 
in undeformed host aerogel at a 
modest distance from the last cone 
structure. 

Figure 17 shows a number of 
tracks, arranged by decreasing L/D 
and including select side views to 
provide a sense for the morphologic 
diversity (e.g., throats and main 
cavities) of individual tracks. Note 
the relatively straight walls and 
constant tapering of the entire 
feature for most tracks of L/D > 30 
(i.e., for most of the longer tracks). 

In such continuously tapering cases, 
it’s not possible to differentiate 
between the main cavity and the 
stylus. Such tracks are generally 
characterized by a relatively short 
throat, reaching maximum feature 
diameter very close to or at the 



surface of the aerogel. As throat Figure 15. Examples of a typical track and pit, illustrating their 

length gets longer than D, the cavity dramatically different morphologies and the need for detailed 

walls tend to become curved, morphological classification of all impact features in low-density aerogel. 
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Figure 1 6 . Morphological elements and definition of terms for an ODC track, and comparison with an experimental 
analog produced by a 50- jam-diameter glass sphere at 6 km/s. 

forming modestly and distinctly bulged cavities that merge into the stylus in a progressively more abrupt 
fashion. Ultimately, the main cavity may maintain a constant diameter over a relatively long distance, 
resulting in distinctly cylindrical geometries that occupy progressively longer portions of the main cavity. 

In an idealized sense, cavity shape changes continuously from slender, straight-walled cones, to bulged 
forms, to cylindrical cavities. In contrast, the stylus remains a relatively invariant, needle-like structure. 
Distinctly bulbous and cylindrical main cavities display progressively more abrupt diameter changes as the 
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main cavity transitions into the stylus, with some cylindrical cavities approaching almost discontinuous 
steps. Clearly, such cylindrical cavities are transitional to deep pits, the latter lacking the needle-like stylus 
and terminating in blunt-nose fashion (see below). 

Note that the concept of an L/D has limited meaning in the case of classical penetration tracks. The 
diameter D may refer to wedge-shaped, bulbous or cylindrical cavity geometries with the length of the 
stylus substantially controlling the total track depth (L). The distinction among various subclasses of tracks 
is based on the detailed shape of the main cavity, rather than on specific L/D measurements. The concept 

°f L/D becomes meaningful only in the context of pits and other, significantly shallower structures present 
on ODC. 

The significance of the subtle morphologic changes described above and illustrated in Figures 1 6 and 
1 7 is poorly understood at present and attests to a wide range of initial impact conditions. Based on 
experimental impacts into highly porous media such as sintered alumina (Werle et al., 1981) or styrofoam 
(Tsou, 1 990), total penetration depth systematically increases up to some threshold velocity, beyond which 
it decreases again. However, the total volume of the track continues to systematically increase with 
increasing velocity, even beyond the threshold, at least for experiments using styrofoam at impact veloci- 
ties as high as 7 km/s (Tsou, 1990). This implies that the main cavity diameter must increase at the 
expense of penetration depth. All of the above experimental series were conducted into porous targets 
with densities > 0. lg/cm 3 . There is no experimental confirmation for such a velocity-dependent threshold 
of L/D for the lower density aerogels employed by ODC, at least at velocities as high as 7 km/s (Horz et 
al., 1997), yet it may veiy well exist at V > 7 km/s. We will return to the existence of such a threshold 
velocity after the description of pit features, which will figure prominently in such considerations. 

Classical penetration tracks, as illustrated in Figures 15 - 1 7, are veiy common in the ODC aerogel, if 
not the most common impact feature type. However, they are generally limited to small sizes (< 5 mm in 
length). The longest track observed on ODC was ~ 15 mm long with an angle of incidence of some 45°, 
and was terminated by the aluminum interface plate. This was the only track on ODC to completely 
penetrate the aerogel; the second longest track was ~ 7 mm long. Typically, each aerogel tile contains 
tracks that are readily seen with the unaided eye. The macroscopic inspection of all tiles yielded a total of 
86 tracks > 3 mm in length for the entire ODC, while small numbers of tracks 1 - 3 mm in length, and 
numerous tracks < 1 mm in length are seen on every tile under the microscope. In addition, microscope 
inspection reveals that most tracks possess some form of impactor residue at their termini, substantiating 
that the aerogel on ODC did capture hundreds of impactors large enough (> 5 pm) to be analyzed with 
modem analytical instruments. 

As illustrated in Figure 1 8, it is not unusual to have bifurcated tracks or tracks that possess multiple 
styluses, which attest to the fragmentation of the penetrating impactor. The bifurcation or splitting of the 
projectile to produce two or more stylus features typically occurs at the end of the main cavity. Further- 
more, the longest stylus does not necessarily contain the largest projectile fragment. Small and relatively 

dense fragments may penetrate more deeply or individual fragments may possess faster velocities than the 
main mass. 

An unusual set of tracks, all confined to the rearward-facing ODC surfaces (i.e., Tray 2), needs 
mentioning. Some of the tiles in this tray contained distinct clusters of tracks as illustrated in Figure 19, 
which is a mug shot of tile 2E0 1 . In general, the clusters of tracks are of sufficient size and quantity to be 
seen with the unaided eye. Each cluster may be composed of tens, if not hundreds of (small) tracks, all of 
grossly similar shapes, and all exhibiting identical azimuthal orientation and identical, relatively shallow 
angle of incidence, -25-30° relative to the tile surface/local horizontal. The spatial density of tracks > 

500 pm in length occasionally exceeds 10 tracks/cm 2 in such clusters, with the cluster typically a few cm 
across, thereby occupying a (small) fraction of the host tile(s). The cluster illustrated in Figure 19 is the 
largest observed. The density of tracks within a cluster drops off rather sharply, if not abruptly, into the 
surrounding aerogel. Higher magnification views of some clustered tracks can be seen in Figure 20. Note 
their limited range of shapes, their constant azimuthal direction in plan view (top panels), and their constant 
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inclination/trajectories in 
cross section (bottom 
panels). These images also 
illustrate that any cluster 
may contain tracks of vastly 
different sizes. 

A total of five promi- 
nent clusters were observed 
on Tray 2 of ODC, with the 
two largest clusters located 
on neighboring tiles 2D0 1 
and2E01. However, these 
two clusters are distinctly 
separate and do not extend 
across the tile boundaries; 
they are two distinct 
features. The remaining 
clusters seem randomly 
distributed. The observed 
clusters are distributed in an 
irregular fashion over the 
entire Tray 2 surface, with 
individual patches occupying 
only a small fraction of their 
respective host tiles. 

However, there are 
numerous individual tracks 
on most Tray 2 tiles that 
exhibit features with similar 
shapes, orientation, and 

inclination as those associated with these clusters. The sheer frequency of features with identical trajec- 
tory elements leaves little doubt that they are associated with the clusters. Evidently, the clusters and the 
geometrically identical, yet isolated tracks were produced by a distinct cloud of impactors that must have 
originated locally, most likely as ejecta from an impact on some Mir surface. This particle cloud had a 
distinctly heterogeneous mass distribution, ranging from dense lumps of particles to more dispersed, 
individual fragments. The distribution of particle size or mass within this cloud was also highly variable, as 
track lengths vary by more than an order of magnitude. We refer to this particle cloud and its tracks as 
the “swarm” or “ swarm event ’ throughout the rest of this report. 

Pits 

In comparison to tracks, pits seem anomalously shallow for hypervelocity impacts, with typical L/D 
ratios of 0.5 - 2. The shallowest members are almost hemispherical in shape, yet the deeper features 
have long, vertical walls, resulting in distinctly cylindrical cavities. All terminate with relatively blunt noses 
and lack the telltale, slender stylus associated with tracks. Generally, they contain no macroscopic and 
microscopic evidence of impactor material. Indeed, the lack of any discoloration renders them exception- 
ally transparent and clear, one of their most outstanding attributes. Such features have no experimental 
analog to our knowledge, yet we note that they were also found in aerogels that were exposed prior to 
ODC on the EURECA satellite (Brownlee, 1994; personal communications, 1998) or on the Shuttle 



Figure 19. Tile 2E01 contained the largest cluster of tracks, all having identical 
azimuthal orientation, as well as a modest inclination angle (~ 25°) from the local 
horizontal. 
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Figure 20. Detailed views of the swarm event in plan view and cross section. Note the high spatial density 
(» 1 0 tracks/cm 2 ) of tracks and their variable lengths, the latter indicative of widely variable impactor sizes. The 
main cavities of these tracks are fairly constant, with modestly to distinctly bulbous cavity geometries. 
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(Westphal, personal communications, 1998). In particular, Brownlee seemed puzzled by such features, as 
none contained detectable projectile materials, neither under the microscope nor via SEM-EDS. Unfortu- 
nately, none of these earlier observations were described in the open literature. 

Typical plan views and cross sections of pit structures can be seen in Figure 21, with additional 
examples, showing their variety, visible in Figure 22. A first-order resemblance with impact craters in 
dense target media is suggested for some of the shallower features, yet there are also substantial differ- 
ences, the reason why we refer to these shallow structures as pits and not as craters. For example, even 
the most crater-like, hemispherical pits lack a raised rim. Furthermore, many of these features exhibit 
radial fractures (i.e., spike-like features) around their periphery, the reason why Westphal (personal 
communications, 1998) refers to them as “hedgehogs.” In addition, they lack any concentric spall zones 
and fractures typical of craters in brittle materials, such as glass (e.g., Schneider et al., 1990). The aspect 
ratio of pits is typically 1 > L/D < 5. This contrasts with aspect ratios for typical hypervelocity craters in 
space-exposed aluminum (L/D ~ 0.5 - 0.6; Love et al., 1995) and L/D ~ 0.2 - 0.3 in typical silicates and 
rocks (Gault, 1973). Compared to craters, even the shallow ODC pits are fairly deep. The long cylinders 
illustrated in Figure 21 are highly unusual for hypervelocity impacts. However, as illustrated in Figure. 22, 
shallow and deep structures are clearly transitional, thus justifying the term “pit” as a single term for this ’ 
entire class of features. 



Figure 21. Examples of typical pit features in plan view and cross section. Note their relatively shallow nature, the 
lack of a raised rim, and the lack of concentric fracture systems typical of spall phenomena in glass targets. The 
structure on the right side has spike-like, radial fractures. Such impact pits in aerogel have no experimental analog. 
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Figure 22. Plan view (left) and cross sections (right) of three pits, including a deep cylindrical cavity (top), a stubby 

example (middle), and an essentially hemispherical pit (bottom). 
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The interior surfaces of pits (i.e., bottoms and walls) differ from that of tracks in that they tend to be 
highly transparent. The main cavity walls, especially the deeper portions, of most tracks are modestly 
opaque and of a mottled appearance, resulting from mechanically deformed, finely crushed aerogel that 
scatters light. Styluses tend to exhibit similarly opaque walls that commonly grade into the cone-in-cone 
structure. In fact, it is these observations of the stylus that suggest that this material consists of finely 
crushed aerogel. In contrast, pit features tend to lack this modestly opaque, mottled zone and, as a result, 
are highly transparent. Many pit walls are somewhat undulous in appearance, and occasionally contain 
prominent, bulbous promontories. Similarly transparent walls are observed in the main cavities of some 
tracks as well, especially those with cylindrical shapes. We interpret these highly transparent, modestly 
undulous surfaces as evidence of melting, yet we do not imply the presence of a continuous melt liner. 

The aerogel may merely have shrunk and contracted in response to elevated temperatures. Dedicated 
SEM studies are needed to characterize the distinctly bimodal appearance of cavity surfaces, and to verify 
the current interpretations of finely crushed versus molten aerogel. 

We note that the entrance hole of many pits is smooth and contains small-scale promontories, some- 
times of a beaded appearance, all consistent with if not suggestive of melting. 

Significantly, pits generally contain no obvious projectile residues, even when viewed under the micro- 
scope. Generally, the feature walls and bottoms do not exhibit the slightest hint of discoloration, a remark- 
able observation if the above interpretation of molten pit walls is correct. Typically, impact melts found in 
the interior of experimental craters (e.g., Horz et al., 1983; Gwynn et al., 1996), on metal substrates flown 
on LDEF (Bernhard et ah, 1992), or on lunar rock and mineral surfaces (e.g., Schaal et ah, 1976) are 
dark-colored, reflecting Fe and other metals present in the impactors. By comparison, the aerogel pits are 
remarkably colorless and transparent. Brownlee (personal com-munications, 1998) made identical obser- 
vations and was somewhat frustrated that none of the pits retrieved from EURECA yielded analyzable 
residue via SEM-EDS methods; we describe similar results below. However, the spike-like cracks 
surrounding some of these pits do, on occasion, contain dark materials that have not been analyzed to date, 
and which may be impactor residue. 

Another important characteristic of pits is their apparent size dependency. Most of the largest impact 
features (> 5 mm in L or D) found on the ODC collectors are pits. The largest impact feature to occur on 
ODC is a pit ~ 9 mm across (Figure 23 and tile 2B01 in Appendix A). Despite its large diameter, this 
event barely penetrated ~ 6 mm into the aerogel (see cross section in Figure 23) and has an L/D < 1 . 
Another exceptionally large pit occurs on tile 1C04. Its entrance-hole diameter is modestly smaller than 
that shown in Figure 23, yet it is 8 mm deep and the associated radial spikes were terminated by the 
interface plate, producing some discoloration of the plate, yet no physical damage/indentation. It is the 
only pit feature observed on the entire ODC experiment that (barely) penetrated the entire aerogel layer, 
despite a fair number of pits that have diameters > 5 mm. 

The origin of pits is poorly understood, as they do not have an experimental analog at impact velocities 
as high as 7 km/s. Superficially, the shallow, hemispherical pits resemble structures produced in aerogel by 
modestly compressed cocoa-powder at 6 km/s (Horz et al., 1997). This suggests that shallow pits could 
be the result of low-density, possibly very fluffy and friable impactors. However, the experimental pits 
(Figure 24) were loaded with projectile residue, as evidenced by the brown color of their interior surfaces. 
The absence of impactor residue is the strongest argument against a low-velocity origin of the ODC pits. 

Furthermore, impacts of low-density, extended projectiles (i.e., collisionally fragmented glass spheres; 
Horz et al., 1 997) result in relatively stubby aerogel cavities that are the composite of numerous small 
impactors. However, many large, individual fragments penetrate beyond the main cavity, producing 
parasitic tracks (Figure 24). The absence of similar parasitic tracks around the ODC pits is significant and 
argues against fluffy impactors at modest velocities. Even the shallow, hemispherical ODC pits have no 
experimental analog, much less the deep cylindrical structures. 

We are confident that shallow and deep pits are transitional in nature. More importantly, we suggest 
that tracks and pits are transitional, as well. A few cylindrical cavities exist that possess a blunt-nosed 
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terminus, from which a single stylus emerges, as illustrated in Figure 25. Such structures seem crucial to 
understanding the transitional relationship of tracks and pits. By definition, the stylus requires that the 
entire feature be classified as a track, yet the properties of the main cavity seem to match all the charac- 
teristics of pits. This transitional evolution of track geometries is schematically illustrated in Figure 26. 

S lender, gradually tapering cavities 


merge into bulbous cavity shapes, the 
latter also developing progressively 
more distinct stylus features at depth. 
As the longitudinal extent of the bulbous 
cavity increases, increasingly larger 
portions of the cavity become cylindri- 
cal in shape. With increasing cylinder 
length, the transition to the stylus 
becomes increasingly more abrupt. 
Ultimately, the long cylinders develop a 
distinctly blunt-nosed bottom from 
which a relatively modest-sized stylus 
emerges. Although we have no 
quantitative measurements, the relative 
volume of the main cavity increases 
throughout this evolutionary sequence 
relative to that of the stylus, the latter 
becoming especially small when 
cylindrical cavities develop the blunt 
noses. Ultimately, the stylus disappears 
and a deep, cylindrical pit remains that 
becomes progressively more shallow, 
yielding pits of increasingly smaller L/D, 
until hemispherical geometries are 
approached (L/D = 0.5). 

These highly variable morphologies 
reflect a wide range of initial impact 
conditions, foremost impact velocity 
and/or projectile physical properties, 
especially density. We favor the view 
that impact velocity plays the dominant 
role, rather than the projectile’s physical 
properties. This suggestion rests - in 
large measure - on experimental 
evidence, as scant and incomplete as it 
may be. In analogy to the impact 
experiments of Werle et al. (1981) and 
Tsou (1990), there must be a threshold 
velocity, even for very low-density 
aerogels, beyond which absolute track 
depth decreases, producing main 
cavities of relatively large diameters 
and volumes, and leading to decreased 
L/D. Such systematic, velocity- 
dependent changes in L/D are also 



Figure 23. Largest impact feature observed on ODC, which happens to 
be a pit whose growth was unfortunately affected/terminated by the 
ODC assembly frame (see Figure 13). Top: Plan view. Bottom: Cross 


section. 
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Figure 24. Experimental impact features in 0.02 g/cm 3 aerogel. In the left-hand image are impacts at 6 km/s of loosely 
consolidated clumps of cocoa powder, some composed of pure cocoa (short features) and some containing solid- 
aluminum spheres of 50 pm diameter that penetrated beyond the main cavity to produce a stylus. On the right are 

impacts resulting from a collisionally fragmented glass sphere resulting in stubby cavities on many of the parasitic 
tracks. 



Figure 25. Relatively blunt-nosed, cylindrical cavity associated with a modest-size stylus. Such features seem 
critical for illustrating a morphologic continuum from tracks to pits. 
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Figure 26. Traced outlines of ODC impact features arranged with decreasing L/D ratios illustrating the continuum in 
L/D ratios and the transitional sequence from tracks to pits. 

observed for genuine impact craters. Craters produced by glass projectiles at 1 - 2 km/s in aluminum 
targets are relatively deep compared to those at 6 - 7 km/s (Murr et al., 1998; Horz, et al., 1995). Experi- 
ments related to the development of orbital-debris shields also reveal that low-velocity impactors penetrate 
with greater efficiency than those at high velocities (e.g., Christiansen, 1995). The reason for this behav- 
ior is that the impactor deforms plastically (or melts and vaporizes at still higher velocities) at some thresh- 
old velocity and thus, deforms with ease, leading to decreased penetration efficiency (see also Gault and 
Wedekind, 1977; Murr etal., 1998). 

We invoke an analogous behavior in the case of aerogel targets with the threshold velocity being well 
beyond light-gas gun capabilities (> 7 km/s) where shock stresses and specific energy will exceed the melt 
temperature, if not the vaporization threshold. It is our view that the continuously tapering tracks reflect 
modest-velocity impacts, short of substantial projectile melting, akin to their experimental analogs. In- 
creasingly more bulbous cavities suggest progressively larger degrees of projectile deformation (possibly 
melting?) and associated increases in the effective cross section of the impactor. The onset of cylindrical 
cavity sections and their typically highly transparent, glazed walls delineates elevated thermal conditions, 
which we equate with melting, either by direct shock or assisted by ablative melting, most likely both 
(Anderson and Ahrens, 1994). However, part of the impactor remains unmolten to form the stylus; the 
surviving cores or fragments are substantially decelerated, making them into highly efficient penetrators at 
modest velocities. Projectile residues recovered at the end of some stylus corroborate the unmolten nature 
of such fragments. We have never encountered a completely molten impactor residue at the terminus of a 
track, neither in experiments nor on ODC. The morphology of the stylus and the presence of unmolten 
projectile residues suggest that it is a low-velocity penetration feature, common to all unmolten cores or 
fragments of particles that were decelerated to below some (unknown) threshold velocity. 

By the time the main cavity becomes increasingly cylindrical, the cavity walls assume a highly trans- 
parent character, as if molten. This transition is complete for deep, blunt-nosed cavities that are invariably 
also of cylindrical shape. Some of these cavities may have a modest stylus, depending on whether some 
small projectile fragment survived or not. Obviously, thermal effects dominate the development of these 
cylindrical cavities, and cause the cavity walls to melt or shrink. We speculate that these pits have largely 
formed by an expanding vapor cloud that is sufficiently dense and hot that it displaces and thermally 
erodes the aerogel, thus forming a relatively cylindrical cavity along the penetration path. The higher the 


velocity, the more efficient the production rate of such vapors near the surface, effectively resulting in 
near surface bursts that produce the very shallow, hemispherical pits. Note that most of the expanding 
vapor could originate from the aerogel target itself. This vapor may entrain and ultimately eject the 
molten, if not vaporized, impactor to yield transparent pit interiors that lack even traces of impactor 
residues. 

This velocity-dependent scenario for the morphologic evolution of impact features in the ODC aerogel 
is largely derived from the two end-members, the continuously tapering track, which contains copious 
amounts of impactor residue, and the shallow pit that typically contains none. A number of considerations 
combine to favor velocity as the dominant factor in this evolution, as opposed to the projectile’s physical 
properties. First, none of the cylindrical cavities, much less the shallow pits, can be experimentally repro- 
duced at velocities as high as 7 km/s, and including low-density (« 1 g/cm?) and low-velocity (3 km/s) 
projectiles (Horz et al., 1997). Second, experimental evidence in highly porous targets suggests the 
existence of a threshold velocity, beyond which the cavity diameter increases at the expense of penetration 
depth (Werle et al., 1981 ; Tsou, 1990). Lastly, general shock considerations mandate a systematic pro- 
gression from melting to vaporization phenomena with increasing velocity. The latter is amply demon- 
strated by impact craters in space-exposed, nonporous materials, such as aluminum or gold substrates 
exposed on LDEF; ~ 50% of these craters did not reveal any impactor residue at the sensitivity level of 
SEM-EDS methods (Horz et al., 1993). We consider the pit-structures in aerogel to be equivalent to 
craters in nonporous targets that contain no projectile residue, both structures primarily the result of impact 
at very high velocities. 

If the projectile’s physical properties were largely responsible for the transitional nature of track and 
pit morphologies, one would assign the very deep, continuously tapered tracks to high-density impactors, 
and the shallow structures to the low-density extreme. Note that the highest peak stresses and melting or 
vaporization phenomena in the target would be associated with the tapered tracks, rather than with the 
shallow pits, in such a scenario. It seems unlikely that all low-density impactors were consistently above 
the threshold velocity for complete vaporization, as none of them left detectable residues in the pits. We 
would expect an abundance of parasitic tracks associated with friable, low-density impactors at modest 
encounter velocities, akin to experimental analogs. As a consequence, the velocity-dependent scenario 
seems much more consistent with the observational evidence. 

Regardless, pit structures contain little or no impactor material(s). This is an important finding as it 
suggests a practical limit for the utility of aerogels in the capture of hypervelocity particles. While the 
threshold velocity for successful capture of unmolten particle residues with aerogel is undoubtedly much 
higher than that for nonporous target media, there will be a velocity-controlled cut-off. Future experiments 
must address this limit, either by suitable analog experimentation at modest velocities, or by improvement 
of current launch technologies to achieve much higher projectile velocities, ideally approaching 20 km/s. 

Shallow Depressions 

This category of impact feature differs from tracks and pits and can be subdivided into two 
subclasses, depending on the physical state of the projectiles at the time of impact: (a) solid flakes and (b) 
liquid droplets. Both impactor types are man-made waste products (as revealed by SEM-EDS analyses; 
see below) that co-orbit the Mir station, resulting in encounter velocities as low as a few meters per 
second and producing relatively shallow depression upon impact. Typically, these depressions are shal- 
lower than pits, possessing L/D < 1 . 

Flakes - This subclass exhibits L/D ratios < 1, commonly < 0.2. They were termed “flakes” 
because many such features contain white- to brownish-colored, irregular-shaped, platy materials within 
the depression. In the extreme case, some flakes have merely stuck to the aerogel, with parts of the flake 
protruding above the aerogel surface. The damage caused by most flakes is a shallow depression of 
irregular outline that contains a crushed layer of aerogel at the bottom, as illustrated by an especially large 
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example in Figure 27; additional examples 
are illustrated in Figure 28. The copious 
amounts of impactor material in these 
shallow depressions, combined with a layer 
of crushed aerogel, clearly distinguish this 
class of structures from the transparent 
hypervelocity pits. Most objects that 
appear as white dots in the mug-shot 
photographs (Appendix A) represent such 
flake impacts, with most tiles containing a 
number of such features. Their shallow 
nature, and the fact that some flakes seem 
to have barely penetrated the aerogel, 
suggests they result from exceptionally 
low-encounter velocities, indicative of co- 
orbiting materials. 

Liquid Droplets - Akin to flakes, these 
features are relatively shallow in depth, 
generally L/D < 2. Typical examples can 
be seen in Figure 29. Unlike the flakes, 
however, this subclass of feature tends to 
be small in diameter, generally < 1 mm 
across. Macroscopically they are white 
specs, akin to flakes, and it takes the 
microscope to recognize them as a sepa- 
rate class of impact feature. Several 
characteristics support the conclusion that 
these depressions were caused by liquid 
droplets of low-encounter veloc ity. F irst, 
they are highly circular in plan view, totally 
unlike the irregular flake impacts. Second, 
there is no fracturing, cracking, crushing, or 
other disturbed aerogel, unlike all other 
impact features. The relatively large 



Figure 27. Unusually large flake impact in plan view and cross 
section. Note the highly irregular outline and the shallow depth 
of penetration. The initial flake actually broke up into a number 
of pieces, some displaying a distinctly honey-colored hue. The 
relatively thin layer of highly crushed aerogel suggests a low- 
encounter velocity. 


entrance holes are free of mechanical defects, and thus, hard to spot in plan view. Below the aerogel 
surface, the feature walls often undercut the entrance hole expanding outward to a bulbous, circular 
bottom that has the shape of a petri dish (bottom frames of Figure 29). Such depressions differ dramati- 
cally from all other impact features, primarily by their regular shapes and lack of aerogel deformation. 
Third and most importantly, the circular bottoms contain white to tan material that has distinctly concentric 
color variations and micro-fractures resembling dried mud cracks. There is little doubt that this is a deposit 
formed in situ by precipitation from some liquid. Preliminary compositional analysis of the precipitate, as 
detailed below, identifies these deposits as human waste. 


It is important to note that the PPMD and POSA experiments also observed round and even elongate, 
splash-like deposits on a wide variety of surfaces (Kinard, 1998; Pippin, 1998). Thus, there is independent 
evidence from other MEEP experiments for the existence of liquid droplets. Their detailed spatial distribu- 
tion pattern on the POSA I instrument and its orthogonal container walls, combined with geometric shield- 
ing considerations, suggests the docked Shuttle as the most likely source of this material (Pippin, 1998). 

The docked Shuttle conducted six wastewater dumps while the MEEP experiments were exposed on Mir, 
each dumping ~ 20 gallons of liquid waste (Visentine, personal communications, 1998). 
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Figure 28. Additional examples of flake impacts, some having rounded and wetted appearances suggesting a mixture 
of solids and liquids (see text). 
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Figure 29. Typical examples of droplet impacts in plan view (top four panels) and cross section (lower panels). Note 
that the petri dish-shaped bottoms contain a distinct deposit that commonly has concentric qualities, especially 
toward the edges. 
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Note that some of the flake impacts have substantially rounded portions, either in plan view or cross 
section (see Figure 28), akin to the much more regular droplet features. This appears consistent with 
variable mixtures of liquids and solids, all derived from Shuttle’s waste management system, and resulting 
in co-orbiting particles of low-encounter velocities. & 


Relative Frequencies 

The above descriptions of impact features in space-exposed aerogel included microscopic evi- 
dence, if not SEM-EDS analyses, primarily to introduce their morphologic characteristics and to support 
some of the interpretations. We now return to the first-order, macroscopic survey of all ODC tiles that 
was to obtain a complete inventory of all features > 3 mm in diameter or depth, which was conducted 
immediately after harvesting all of the tiles. Although distinct classes of impact features were obvious 
upon opening the MEEP containers, the detailed interpretations offered above represent our present 
understanding and were not available and/or appreciated at the time the macroscopic survey was con- 
ducted. For this reason, we derived only three types of features during the initial macroscopic survey: 

(a) tracks, (b) pits, and (c) flakes. Within the current interpretative framework these features now 
represent (a) low-velocity impacts (b) very high-velocity impacts, and (c) low-velocity encounters with 
human waste products, both solid and liquid. 

The quantitative results of our first-order, macroscopic survey are summarized in Table 1 and illus- 
trated in Figure 30. A first-order observation is that there is a higher frequency of flake and droplet 
features on Tray 1 compared to Tray 2, corroborating POSA’s conclusion (Pippin, 1998) that most of this 
debris was derived from the direction of the docked Shuttle. The relative frequency of pit features is 
similar on both surfaces. We realize that this appears inconsistent with a velocity-dependent origin of 
these structures, because the average encounter velocity of forward- and rearward-facing surfaces should 
differ dramatically on a non-spinning platform, with much higher velocities prevailing on ram-pointing 
surfaces (e.g., Zook, 1991). However, the pinhole camera of the co-located PPMD experiment reveals 
considerable deviation of Mir from the ideal of a non-spinning platform. As a consequence, we consider 
similar pit frequencies on Tray 1 and 2 to be consistent with a velocity-related origin. Genuine, carrot- 
shaped tracks are about a factor of two higher on Tray 2 than on Tray 1 . Although we excluded the 
obvious clusters of swarm tracks from these frequency data, we had no quantitative means to exclude 
non-clustered, isolated members of the swarm from the frequency statistics for tracks during the macro- 
scopic survey. Thus, isolated swarm tracks most likely account for the high-track density of Tray 2. In 
general, it appears as if Tray 1 and Tray 2 intercepted grossly identical populations of particles, except for 
the human waste-products which dominate Tray 1, consistent with the location of Shuttle and associated 
practices of waste-dumping. 


Table 1. Absolute and relative frequency of genuine tracks, pit-type features and flake-depressions > 3 mm that were 
captured by ODC aerogel of a cumulative surface area of ~ 0.32 m 2 per tray. The differences between Tray 1 and Tray 

2 are given by the 001/002 ratio. 



Tracks 

Pits 

Flakes 

Total 

ODC 001 

Percentage 

23 

10.8% 

33 

15.6% 

156 

73.6% 

212 

100.0% 

ODC 002 

Percentage 

63 

45.3% 

41 

29.5% 

35 

25.2% 

139 

100.0% 

001/002 0.37 

0.80 

4.46 
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OPTICAL STUDIES 


The detailed optical investigations aimed at the identification and dimensional characterization of a 
statistically significant number of tracks and pits, including structures < 3 mm long. We purposefully 
excluded the flake and/or droplet impacts from these investigations, because they are of local, somewhat 
idiosyncratic provenance related to the disposition of waste products, and because they were well charac- 
terized by PPMD and POSA. Their inclusion into the time-consuming optical survey would have slowed 
down operations considerably, thus distracting from the major objective, which was the characterization of 
high-velocity impactors in LEO. In addition, we did not maintain the distinction between tracks and pits 
during this portion of our investigation, much less record detailed morphologic subclasses, some of which 
we only recognized during the course of the microscopic survey and/or SEM investigations. Consequently, 
we referred to all features as tracks in the microscopic observations and documentation phase. 

Procedures 

Detailed optical studies of the ODC tiles were conducted in the FOILS laboratory (see Figure 3 1), 
which is equipped with a scanning platform, a binocular microscope, and high-resolution digital-imaging 
system, all interconnected and controllable by computer. In detail, the FOILS system consists of a large 
scanning platform (i.e., a modified Mann Comparator) that can be translated horizontally along two 
directions (X and/or Y axes) by remotely controlled stepping motors with a precision of < 2 pm. The 
sample being analyzed (aerogel tile) resides on the scanning platform, which is driven via computer control 
past a stationary binocular microscope (Wild M8; equipped with diverse lenses, illumination systems and a 
beam splitter which accommodates a Sony DKC 5000 CCD camera). A third stepping motor raises and 
lowers the entire microscope system for purposes of (a) focusing and (b) the measurement of vertical 
dimensions (Z-axis). The Z-axis is controlled via a rocker switch for focusing the microscope up and 
down, with individual steps equaling 4.25 pm in distance. The position of all three axes/stepping motors is 

monitored and continuously displayed on the PC monitor. 

Characterization of individual tracks during optical scanning required a minimum of two sets of 
measurements. The 0,0 comer of each tile is defined as the intersection of the tile edges below and to the 
left of the silver-paint fiducial mark. Step one involved placing the center of the entrance hole or feature 
under the crosshair in sharp focus, such that the X/Y coordinates provided for the location in a tile-specific 
reference frame. The Z-axis readout is then reset to zero (0), as the measurement referred to the local 
tile surface. The scanning platform is then driven to the terminus of the feature, with the impactor resi- 
due if present — or the deepest point of a pit being brought into sharp focus and centered under the 
crosshair. A second set of coordinates (i.e., X’/Y’/Z’) is recorded. Employing trigonometric relationships 
these measurements uniquely define the absolute depth, length, inclination, and azimuthal orientation of 
each track in a tile-specific reference frame. Additional measurements on select tracks related to residue 
size or to the diameter of pits were acquired at this time. 

The microscope-mounted CCD system also interfaced with the computer and provided for convenient 
viewing at a wide variety of magnifications, as well as for the capturing of digital images. The majority of 
images in this report were taken by this system. The bluish background of these images is the result of 
light scattering by the aerogel during front illumination, the latter provided by either a ring-light for even 
360° illumination, or by arbitrarily positioned, flexible fiber optics used to highlight specific details, or both. 
We also employed traditional, optical (Polaroid) cameras and backlight illumination to highlight specific 
details of tracks during sample preparation for SEM analyses; this backlit, black and white photography 
was especially valuable for the documentation of trapped particles. 

The rate-controlling factor in the detailed optical analysis of aerogel is undoubtedly the strain on the 
microscopist s eyes. The intrinsic surface roughness and transparent nature of aerogel is especially taxing, 
with even the most dedicated individuals not scanning for more than five hours a day, typically split 
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Figure 31. View of the optical inspection station consisting of scanning platform, binocular microscope, CCD camera, and interactive PCsystem of the JSC FOILS 
laboratory. 







between a morning and an afternoon session. Initially, we set out to record all features > 50 pm in size, 
mandating an ~ 1-mm-wide field of view during scanning operations, and resulting in ~ 1 00 scan passes to 
cover an entire 10- x 10-cm tile. Each 1-mm-wide pass took an hour or more to complete, even for the 
most experienced observer. This resulted in an unacceptably low rate of progress. Therefore, we raised 
our minimum dimensions to features > 100 pm. As a result, scan time per tile was reduced to ~ 30 hours, 
still too slow in view of available resources. Ultimately, we settled for the quantitative recording of impact 
features > 500 pm in size, which reduced the scan time to ~ 1 0 hours per tile, or approximately two 
working days/tile. To date, we have completely scanned a total of 24 tiles. 

As illustrated in Figure 32, the selection of these 24 tiles was by some arbitraiy, yet systematic, 
geometric criterion with the intent of obtaining representative observations for each of the two trays Our 
plans are to complete detailed scans of at least half of all tiles (i.e., 18/tray). This plan is substantially 
motivated by the fact that it is impractical to subject eveiy optically observed track, even on half of the 
tiles, to compositional analysis via SEM-EDS methods. The large number of impact features recorded by 
the ODC aerogel was unexpected and is a testimony to its outstanding performance as a particle collector. 
As a consequence, decisions had to be made that balance the resources available to produce a statistically 
meaningful data set on the size-frequency distribution of tracks, versus the acquisition of compositional 

information, the latter being the primary objective of ODC. 

Track Length 

The results of our currently completed optical analyses are tabulated in Appendix B. The distribution 
of track lengths > 500 pm is summarized in Figure 33. These distributions are remarkably similar for both 
trays, despite the fact that the Tray 2 data are unquestionably con-taminated with swarm tracks. Note 
that very few features are > 5 mm deep, but the data only refer to 12 tiles per tray, approximately 1/3 of 
the total surface. The grossly similar track populations on both trays imply highly variable Mir attitudes 
combined with the wide angle viewing geometry (~ 180°) of each tray, such that both trays could sample 
similar segments of the sky. However, Tray 2 has an approximate factor of 2 more tracks than does 

Tray 1; this is partly due to contamination with isolated swarm tracks, yet it is possible that Tray 1 was also 
more shielded than Tray 2. 

As previously stated, no distinctions were made between pits and tracks during these optical studies 
With increasing appreciation of their significance, we recorded the diameter and depth measurements of 
pits. These select measurements are summarized in Figure 34. Note that they generally group around 
L/D ~ ^ some features are significantly shallower, while others may be much deeper. It appears as if 
deeper pits occur preferentially on Tray 2 and very shallow structures on Tray 1, yet additional measure- 
ments are needed to evaluate whether this is indeed the case. 


Residue Size and Flux Considerations 

The size-distribution of projectile residue sizes is plotted in Figure 35. We need to emphasize that 
these particle-diameter measurements have substantial error, depending on absolute size, possibly as much 
as 50% for < 10 pm particles and ~ 20% for those > 20 pm. These uncertainties are related to dimen- 
sional measurements at the limit of resolution of the optical system employed, as well as to the difficulty in 
distinguishing between actual impactor residue and dense, molten aerogel material that envelopes many of 
these particles (e.g., Barrett et al., 1992). Also note the smaller number of measurements represented in 
Figure 34 compared to Figure 33, because many tracks did not contain measurable or visible residue at 
their termini. Nevertheless, note the grossly similar distributions for both trays, separated by 1 80° in 
viewing direction. 

The particle-diameter measurements from both trays are plotted in cumulative fashion in Figure 36 and 
versus their cumulative frequency, the latter derived from the total cumulative exposure time (553 days) 
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Track Length (|jm) 


Figure 33. Frequency histogram of absolute track lengths > 0.5 mm encountered on ODC. Note the grossly similar distributions on both trays 




and surface area (0.106 m 2 / 
tray analyzed optically). For 
comparison, we plot the 
LDEF derived mass distribu- 
tions of small impactors, 
combining interplanetary dust 
and man-made debris (e.g., 
Humes, 1991 and See et al., 
1993). Surprisingly, the 
general shape of these size 
distributions is fairly similar, 
and the flux values agree 
within an order of magnitude. 
As expected, the ODC 
particles <10 pm are much 
more numerous than those 
derived from LDEF, due to 
significant comminution and 
ablative mass reduction of 
the ODC residues. In detail. 



Figure 34. Diameter versus depth relationships of ODC pits, separated into 
forward- (Tray 1) and rearward (Tray 2)-facing collector surfaces 


we do not have a good explanation for the relatively steep curve segments at 10 - 25 pm diameter in both 
ODC distributions, but it is not an effect related to changes in optical resolution, as all scans were con- 
ducted at a constant magnification. Within statistical error, the fluxes on Trays 1 and 2 are essentially 
identical for particles > 15 pm, yet Tray 2 has a much higher flux at < 10 pm sizes, most likely attributable 
to the large number of small swarm particles. 


Track Length versus Projectile Residue 

The interpretation of microcraters in infinite half-space targets, such as on LDEF, is based on labora- 
tory studies that reveal a systematic relationship between crater diameter and the initial impactor size/mass 
at any given projectile velocity (e.g., Watts and Atkinson, 1992). Typically, any space-produced crater 
population is converted to a projectile-mass distribution by assuming a constant impactor density, as well as 
some mean encounter velocity. Unfortunately, the lack of reliable laboratory calibration experiments with 
aerogel (see Horz et al., 1997) does not permit such an approach for ODC. However, it may be very 
instructive to plot the observed residue size versus total track length to empirically explore whether some 
systematic relationship exists. Figure 37 illustrates the results, characterized by wide scatter. Tracks 
ranging in length from 1000 - 3000 pm are associated with residues that vary by an order of magnitude in 
size, and by some three orders of magnitude in mass. Conversely, tracks of widely divergent lengths may 
possess similar-sized, small residues. In particular, most of the longer tracks are associated with relatively 
small particles, presumably due to ablative or abrasive mass loss of an initially much larger impactor. In 
addition, note that the largest residues in Figure 37 are associated with tracks that are not unusually long. 
We conclude that there is no systematic relationship between the size of the particle residue and the length 
of the associated track for the ODC aerogel. Similar results were reported from laboratory experiments 
(e.g., Burchell and Thompson, 1996; Horz et al., 1997), yet Horz et al. detail that much of the experimental 
scatter may be due to poorly known impactor mass. The empirical relationships shown in Figure 37 
represent a more meaningful test of the desire to extract initial impactor mass (and other dynamic data 
such as velocity) from space-exposed aerogel. The process(es) of penetration and mass loss in aerogel 
must be highly idiosyncratic on a particle-by-particle basis and depend on a large number of variables, such 
as the encounter velocity, physical, and chemical properties of the projectile, and/or preexisting micro- 
cracks. It does not seem possible to extract major, initial impact conditions and particle properties from 
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Figure 35. The distribution of projectile residue sizes based on in situ measurements in unprocessed aerogel collectors using optical mcroscopy. These 
measurements may be afflicted with substantial errors, as it is difficult to optically recognize the extent of molten aerogel adhering to, or invading, the projectile 

materials. The population is dominated by particles < 10|im, close to the limit of the microscope’s optical resolution. 




Figure 36. Cumulative particle fluxes in the ODC aerogel and comparison with LDEF data. The ODC data refer to 
direct measurements of (minimum) particle size. In contrast, the LDEF particle sizes are calculated from microcrater 
diameters in aluminum targets assuming some idealized impact conditions and using the equations of Watts and 
Atkinson (1993). Note the general agreement between ODC Tray 1 and Tray 2 (after subtraction of the swarm event; 
see Figures 40b for the quantitative identification of swarm tracks). In addition, note that Row 9 of LDEF occupied 
the leading edge, thus representing a maximum particle flux, while Row 3 occupied the trailing edge yielding a 
minimum flux (e.g., Zook, 1991). The ODC data are somewhat deficient at large sizes and overabundant at the small 
sizes, both phenomena consistent with mass loss during capture. 


the dimensional measurements of tracks and associated particle residues. Finally, note that the distribu- 
tions of track length and residue sizes are similar for both trays, again suggesting that Trays 1 and 2 
experienced particle environments consisting of impactors with similar velocity and physical properties. 

Particle Trajectories 

The trajectories of track-producing particles can be reconstructed from the measurements of X/Y/Z 
(entrance hole) and X’/Y’/Z’ (end of track); the results of such calculations are illustrated in Figures 38 - 
40. For a first-order impression we plotted track orientation from all tiles projected on the area of a single 
tile m Figure 38. A directional vector of uniform length represents individual tracks, regardless of size, with 
the arrow pointing toward the terminus. The relatively random distribution on Tray 1 contrasts markedly 
with the highly lineated distribution of Tray 2, the latter data including tracks associated with the swarm 
event discussed earlier. The rose diagrams in Figure 39 present a more quantitative perspective. Tray 1 
(Figure 39a) includes all tracks as portrayed in Figure 38 and suggests some modest, local maximum. 

Tray 2 (Figure 39b) is obviously so dominated by the swarm tracks that we subtracted all swarm tracks 
for a separate portrayal of the remaining population (Figure 39c). 
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Finally, Figure 40 is a hemispheri- 
cal (equal area) projection of mea- 
sured track orientations that not only 
preserves the azimuth, but also the 
inclination of individual tracks; this 
portrayal reflects the true direction/ 
radiant from which a particle ap- 
proached ODC. A trajectory will 
enter the reference sphere surface at 
the plotted location (+), terminating at 
the center. For those not familiar with 
such plots, azimuthal relationships are 
as measured; the center of the plot 
represents vertical impacts (90°), the 
outer circle horizontal cases (0°), with 
intermediate inclinations linearly 
related to their radial distance from the 
center. Again, the trajectories of 
Tray 1 are generally random, with a 
modest maximum at approximately the 
45° direction and of relatively shallow 
angles from the local horizontal. In 
contrast, Tray 2 is characterized by a 
pronounced maximum that represents 
the swarm tracks. The remaining 
tracks on Tray 2 are of fairly random 
orientations, similar to those of Tray 1 . 
These similarities suggest either that 
there is no single dominant particle 
source from a specific radiant (except- 
ing the secondary swarm event on 
Tray 2), or that the viewing directions 
of Mir/MEEP/ODC surfaces varied 
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Figure 37. Track length versus diameter of the projectile residues 
for ODC Trays 1 and 2. The non-systematic relationship of residue 
mass and absolute track depth in aerogel seriously impairs the 
reconstruction of an initial impactor size and/or of encounter 
velocity (see text for detailed discussion). 


widely throughout the 553-day mission. In addition, one may also conclude that there was no local prom- 
ontory that shielded large fractions of the field of view of either ODC tray. 


DETAILED COMPOSITIONAL ANALYSIS 


The detailed compositional analysis of ODC particles utilized SEM-EDS methods. These techniques 
were first applied to space-exposed surfaces of the Solar Maximum satellite (Warren et al., 1989), and 
became routine in the analyses of LDEF surfaces (Levine, 1991; 1992; 1993). They are also the method 
of choice for the continued monitoring and evaluation of impact features on Shuttle surfaces (Christiansen 
et al., 1998). The major difference between these earlier studies and the ongoing ODC work relates to 
the availability of numerous, essentially unmelted particle fragments, whereas previous studies were 
largely confined to the analysis of molten impactors. The analyses presented in this section are merely 
examples of representative particle types to support some of the descriptions and interpretations offered 
and to illustrate the potential of the SEM-EDS technique(s). In addition, these examples illustrate the 
significant level of effort needed for any systematic, statistically meaningful assessment of the particle 
populations captured by ODC. 
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Sample Recovery and 
Preparation 

Although the SEM-EDS 
methods are fairly routine, sub- 
stantial new efforts went into the 
development of suitable methods 
to recover the particle residue 
from its friable aerogel matrix, 
and to design suitable sample 
preparation procedures for the 
contemplated SEM studies. 

Major emphasis was placed on 
minimizing the loss of samples, 
commonly <10 pm in size, as well 
as on avoiding contamination, both 
chemical and particulate, during 
all extraction and sample prepara- 
tion steps. Most sample extrac- 
tions are carried out in a class 
1 000 flow bench, housed inside 
the FOILS laboratory. Individual 
aerogel tiles are readily split via a 
razorblade into subsamples on the 
order of 1 cm 2 in surface, with 
each subsample typically contain- 
ing a single track. The actual 
impact feature of interest and its 
particle is then photographically 
documented, both in plan and side 
view with the CCD camera 



With Swarm 


Figure 38. Azimuthal orientation of 148 tracks on ODC Tray 1 and of 
435 tracks on Tray 2, the latter dominated by swarm particles of uniform 
direction (see text for details). 


system or via optical (Polaroid) photography, or both. Following photo-documentation, individual tracks are 
physically split with a razor blade, generally under a binocular microscope. The track represents a sub- 
stantial flaw on the scale of the centimeter-sized aerogel samples, the reason why the material fails along 
the actual track when applying highly localized pressure via the razor blade. Typically, the aerogel is not 
cut, but cleaves into two halves during such operations. Obviously, this aerogel splitting is not perfect and 
most of the terminal residue is confined to one half, commonly buried under a thin layer of aerogel. The 
aerogel-covered residue is then removed from the tile sample with a single-bristle brush. If only small 
masses of aerogel adhere to the extracted particle, the sample may be transferred directly to a graphite 
SEM planchette. However, typically the material is transferred to a petri dish for removal of excess 
aerogel until substantial surface fractions of the residue are exposed for direct electron beam exposure. 

On rare occasions, particle residue may be exposed immediately after the track-splitting procedure, in 
which case the entire track and its particle are transferred to a planchette. This procedure works well for 
tracks as small as 1 mm, yet we do not know whether it is suitable for still smaller tracks. The most 
critical steps are the actual track splitting and the quarrying operations to dislodge materials from the 
halved terminus. Both result in small samples that tend to charge electrostatically and that are difficult to 
steady. Electrostatic charging of small, transparent, and difficult to see volumes of aerogel is the major 
reason for sample loss. Charging, specimen movement, and potential sample loss may even occur during 
electron-beam radiation inside the SEM’s vacuum chamber, because small samples of aerogel are simply 
difficult to attach and secure to any surface. 
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Figure 39. Rose diagram of azimuthal track orientations for Tray 1 and Tray 2; Tray 2 is shown with and without 
(smaller inset) the swarm event. The sporadic populations on both trays display modest, local maxima. 
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Figure 40. Quantitative illustration of track orientations utilizing an equal-area stereo projection. Again, Tray 2 is 
shown with and without the swarm events included. All tracks within 15° of the center of this cluster were assigned 
to the swarm event and subtracted from the measured population to yield the sporadic background of Tray 2 for all 
Figures 39 and 40s. 


Representative Results 

Consistent with the above morphologic descriptions of impact features, we offer the following repre- 
sentative examples of shallow depressions, pits, and slender tracks. The detailed documentation for 
individual particles typically consists of optical images in plan view and cross section, an SEM image, and 
an EDS spectrum of the recovered residue. In addition, we include transmission electron microscope 
(TEM) images of an unmelted natural cosmic-dust particle recovered in LEO. 

Man-Made Particles - The liquid droplet feature introduced in Figure 29 is again seen in Figure 41. 
With the impactor residue already exposed in the bottom of the feature, little sample processing was 
required for detailed SEM investigations. The plan view image focuses on the bottom of the feature and 
the evaporite deposit. Other circular elements, such as the entrance hole, are out of focus and merely 
hinted at by partial arcs of reflected light. Note the structurally complex, yet highly circular nature of the 
cavity. An SEM image is presented in the lower left and illustrates the entrance hole and a shoulder 
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Figure 41. Example of the detailed analysis of an individual droplet feature, including SEM imaging and EDS 
techniques. Note the substantial depth of this feature, its smooth outlines, and the total lack of any mechanically 
deformed and micro-fractured aerogel. Typically, these structures have an opening at the surface of the aerogel that 
is narrower than the bottom of the feature. The “projectile” residue is confined to a lens of smaller radius than the 
bulbous cavity (partial outline visible in top-left plan view). The presence of biogenic elements (i.e., Na, S, Cl, & K) 
can be seen in the X-ray spectrum; the Si peak is largely caused by the Si-based aerogel substrate. ’ 
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formed by a peculiar cavity restriction at depth (see cross section). This image also demonstrates the 
absence of any fracturing and mechanical damage, corroborating our earlier conclusion that such features 
result from the interaction of aerogel with some liquid, and that they are solution pits and not the products 
of mechanical displacement. The EDS spectrum of the evaporite deposit reveals the biogenic elements Cl, 
S, K, and Na, the Si peak is derived from the aerogel substrate. Specifically, the substantial quantities of 
Cl and S provide the most diagnostic criterion for human waste. Essentially identical spectra were ob- 
tained on all ODC droplet-type features analyzed to date, as well as on the evaporite deposits on the 
companion PPMD and POSA MEEP experiments (Kinard, 1998; Pippin, 1998). There seems little doubt 
that these features result from Shuttle operations, which currently call for the dumping ~ 20 gallons of 
wastewater every three days. 

Figure 42 shows the large flake impact first illustrated in Figure 27. This particle clearly broke up 
during impact, and large, irregular, platy fragments adhere to the bottom of a rather shallow depression. 

The latter mimics the irregular projectile shape in outline. These morphologic characteristics are typical 
for all flake impacts and they are in stark contrast to the liquid droplet pits shown in Figure 41 . Neverthe- 
less, the EDS spectrum of the flake fragments is largely composed of biogenic elements (e.g., Na, P, and 
S). Unlike the previous example, the sample thickness exceeds the X-ray excitation depth, so that sub- 
stantial parts, if not all, of the Si peak must be derived from the flake particle itself. The lack of Cl seems highly 

Flake Particle 



Figure 42. Large flake feature previously shown in Figure 29. Note the EDS spectrum contains no Cl, yet it is 
dominated by the biogenic elements Na, P, and S. 
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significant for human-waste products; additional ODC examples that contain no Cl could be shown, suggesting 
a previously unrecognized particle type in the ODC aerogel. However, some flake residues do contain Cl, akin 
to Figure 41. Cl-bearing materials were frequently observed on LDEF, as well as most other space-exposed 
surfaces, and are typical for human waste. Such Cl-deficient spectra appear consistent with pure soap, yet we 
do not know of any specific mechanism that would preserve pure soap particles in Cl-containing wastewater. 
The source and origin of these Cl-deficient particles is currently unclear. 

The terminal sections of a typical, carrot-shaped penetration track and its associated residue are 
illustrated in plan view and cross section in Figure 43; the aerogel surface illustrated in the cross section is 
not the original tile surface, but a razorblade-induced fracture. Note the well-developed cone-in-cone 
structure and the misalignment of the last few cones, causing the track to curve and the particle to reside 
off the true axis of the track. The residue is the largest particle recovered from ODC to date, ~ 200 pm 
across. Also note its jagged, sharp comers and what appears to be mechanical striation and abrasion on 
the particle’s surface, both observations arguing against pervasive melting. The EDS spectrum of this 
particle is dominated by Ti and Zn, which constitute the pigments of many thermal protective paints. 

Similar particles/spectra are known from most other space-exposed surfaces; thermal protective paints are 
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Figure 43. Detailed analysis of a man-made particle. Note the cone- in-cone structure and the misalignment of the last 
few cones with the overall track axis. The recovered particle exhibits a highly irregular, if not jagged and sharp-edged 
surface, suggesting that very little rounding, much less melting, occurred during the capture process. The dominance of 
Ti and Zn identifies this particle as paint (pigments), with other elements being part of the organic binder. 
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prone to substantial abrasion by small-scale impacts, and their largely organic binders degrade when 
exposed to atomic oxygen and/or UV. 

In addition to the two examples shown, we recovered and analyzed ~ 20 residues from ODC that 
must be classified as man-made debris. These include particles rich in Fe, with subordinate levels of Ni 
and/or Cr, the latter characteristic of stainless steel. In addition, Cu-rich particles reflect fragments of 
electronic compounds, some even associated with Ag from silver solders. Unlike LDEF, however, par- 
ticles dominated by A1 seem rare on ODC. Two examples of essentially pure metallic aluminum were 
found that represent structurally disintegrated components, while only a single A1,0 3 particle was discov- 
ered so far. Clearly, more particles need to be analyzed in order to arrive at statistically firm conclusions, 
or before some significant difference with LDEF can be established. 

A relatively large fraction (~ 90%) of all impactors can be classified into man-made or natural-particle 
categories. Figure 44 represents one of the ambiguous cases. This spectrum was taken with a thin 
beryllium window that allows analysis of oxygen, thus the significant oxygen signal; the C peak represents 
carbon-coat to make the particle’s surface electrically conductive, while the Si is likely derived from 
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Figure 44. Example of a particle, ~ 10 pm in length, that resided at the terminus of a 1 .2-mm-long track. Note the 
shedding of light-colored projectile material along the stylus. This particle appears to have been either plastically 
deformed or molten during capture process. Compositionally, it is Fe-oxide and could either be man-made or natural 
in origin. 
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aerogel adhering to the particle. This identifies this particle as being essentially pure iron oxide, without 
specifying the exact stoechiometry. It could be natural, such as isolated crystals of hematite (Fe O ) or 
magnetite (Fe ? 0 4 ), known to occur in meteorites, or it could be man-made iron that was oxidized (e.g., 
during explosive or impact-derived origins). The lack of any alloying component, such as Cr, W, or Ni 
argues against most popular steels and leads us to prefer a natural source. Nevertheless, the origin of this 
particle remains ambiguous. In the cross-section image, note that considerable mass was shed from the 
projectile and deposited along much of the stylus. The recovered residue appears deformed, if not molten. 
Its maximum diameter (D ) is ~ 10 pm, which compares to a total track length of- 1,400 pm, resulting in a 
D/L = 140 for this relatively dense impactor. Such D /L values are typical for tracks produced at light- 
gas gun velocities of 4 to 7 km/s (Horz et al., 1 997) using less-dense glass projectiles. 

Natural Impactors - The residue, - 12 mm in diameter, recovered from an - 1-mm-long swarm track (left 
track m optical image) is illustrated in Figure 45. As is common for natural particles, they tend to be composed 
of very fine-grained aggregates of sub-micron-sized components which in turn leads to modestly variable 
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Figure 45. A particle, ~ 6 mm in size, recovered from the left track in the inserted cross section of what are obviously 
“swarm” tracks, all of uniform orientation. Natural particles are commonly aggregates and a number of spectra are 
presented to show chemical and mineralogical heterogeneity on scales of microns. Note the presence of Mg, Si, and 
Fe in all spectra, with Ca and S present in two, and Ni detected in only one spectrum. 
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Figure 46. Another small particle recovered from the terminus of a typical swarm track ~ 500 pm in length. Note the 
presence of Fe, Ca, and Mg, along with modest amounts of A1 and Si, typical for particles of chondritic composition. 
Such compositional data identify the swarm event to be caused by a natural impactor. 

distributions of the dominant elements. Mg, Ca, and Fe, and substantial variations in minor elements, such 
as Al, S, or Ni. Nevertheless, most any analysis spot would identify such compositions as chondritic in 
nature and of natural origin (e.g., Brownlee, 1986; Zolensky et al., 1994). Another 1.2-mm-long swarm 
track that yielded a particle ~ 5 mm across can be seen in Figures 46. Note the similarity of the spectrum 
to that of Figure 45. An additional 5 residues recovered from swarm tracks are of similar makeup, 
identifying the swarm to be composed of fragments from a natural impactor. While this is not a surprising 
result, the preponderance of projectile fragments only composing the debris swarm is somewhat surprising, 
as one would expect to find fragments of the target as well. In fact, target fragments should dominate, as 
hypervelocity impactors readily excavate and displace 10 to 100 times their own mass. The current 
observation that projectile fragments make up the swarm calls for unusual conditions for the primary 
impact. One scenario is that of a very shallow incidence impact, which led to the decapitation of the 
impactor and a fragment cloud that is dominated by or exclusively composed of projectile species (e.g., 
Schultz and Gault, 1990). Alternatively, the impactor may have fragmented upon penetration of a thin film 
on Mir, such as a thermal insulation blanket, resulting in a debris plume that is utterly dominated by projec- 
tile fragments (e.g., Horz et al., 1995). Additional analyses of swarm tracks are warranted to possibly 
identify the target material . 

Another natural impactor, unrelated to the swarm event, is shown in Figure 47. In this case, the track 
split fortuitously such that parts of the residue surface were exposed, permitting SEM imaging of the 
particle in situ. As is commonly observed, a substantial volume of molten aerogel drapes the entire 
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Figure 47. Example of a natural particle. The particle was removed from the aerogel host (to avoid the risk of losing a 
potentially valuable sample). Note that good EDS spectra can be obtained from the exposed surfaces of such 
samples, although aerogel based Si-contamination is prevalent. The sample was subsequently embedded in epoxy 
and thin-sectioned via microtome for detailed transmission electron microscope (TEM) analysis. These TEM images 
(lower panels) show substantial invasion of molten aerogel into the sample (white areas in left-hand figure). A small 
spinel crystal can be seen in the lower right-hand image. 


particle. The EDS spectrum reveals the presence of mafic silicates (Fe, Mg, and Si) and most likely the 
presence of a K-rich feldspar (A1 and K). Following these SEM analyses, the particle was embedded in 
epoxy and thin-sectioned into 1 000-A-thick slices with a microtome for more detailed mineralogical 
investigations using TEM as illustrated in the two bottom panels and as described by Horz et al. (1998). 
The TEM investigations reveal significant disruption of the parent grain by invading aerogel melt, the 
presence of hydrated layer-lattice silicates (grey material), and small (sub-micron) oxide grains (dark 
material); the arrow points to the magnified particle visible in the bottom, right-hand image. 
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Note that this is the first natural cosmic-dust grain ever to be recovered from space-exposed aerogel 
collectors and microtomed for detailed TEM analysis. Although a very modest effort in the context of 
ODC, the successful recovery and subsequent TEM analysis of space-retrieved particles is significant for 
planetary sciences, and specifically for the in situ characterization of comets and asteroids, the most 
prominent sources of interplanetary dust. Such dust is generally much more fine-grained and mineralogi- 
cally diverse than typical man-made materials used in spacecraft, mandating methods more detailed and of 
higher spatial resolution than SEM-EDS. 

CONCLUSIONS 

The Orbital Debris Capture experiment exposed ~ 0.6 nr of Si0 2 -based aerogel for ~ 1 8 months on 
the Mir station, providing a significant opportunity to evaluate the performance of this low-density, highly 
porous material for the capture of hypervelocity particles. This report summarizes optical studies of the 
impact features on ODC and provides examples of compositional analyses of individual projectile residues 
that were extracted from the collectors. 

The highly porous, delicate aerogel medium superbly survived the launch and retrieval environment of 
Shuttle, as well as relatively long-term exposure in LEO. Therefore, it is a suitable material for a variety 
of missions engaged in the collection of either man-made debris or natural cosmic dust, such as the 
Stardust mission to comet Wild 2. 

Two distinct classes of hypervelocity impact features in aerogel were observed: slender, carrot-shaped 
tracks and substantially stubby, if not hemispherical, pits. Features of intermediate morphologies between 
these dominant end-members suggest the presence of a morphologic continuum and of an evolutionary 
sequence from deep tracks to hemispherical pits. The absence of impactor residue, combined with the 
presence of distinctly glazed and translucent walls for most pits suggests that they formed— as a group— 
at higher impact velocities than the slender and very deep tracks, which are characterized by the needle- 
like stylus, and a largely unmolten projectile remnant. Thus, we propose a velocity dependent continuum 
between deep tracks and shallow pits. 

This interpretation suggests that the soft capture of hypervelocity particles in LEO is velocity-limited. 
The specific threshold velocity beyond which the soft capture fails is poorly known, yet it is undoubtedly 
higher for aerogel than it is for all traditional, nonporous collectors. The fact that many superbly preserved 
and unmolten residues of both man-made and natural dust particles were recovered from aerogel and 
subjected to SEM and TEM analysis demonstrates that aerogel is a superb capture medium for most 
particles in LEO. Its dynamic range, although limited at the high-velocity end, is unsurpassed. It is simply 
unrealistic to expect any single material or capture method to operate successfully over the entire range of 
initial impact conditions represented by man-made and natural particles in LEO. 

A third class of ODC impact features relates to low-velocity encounters with co-orbiting waste 
materials, either liquid or solid, that result from the periodic venting of the Shuttle’s wastewater tank. On 
a particle frequency basis, such materials dominate those ODC surfaces that nominally pointed in the 
forward direction oi Alir's orbital motion. While the collisional hazard seems minor due to the low- 
encounter velocities, the high frequency of such events may adversely affect critical components, espe- 
cially optical quality surfaces. 

We measured the relative frequency of track, pits, and shallow depressions for the two collector 
surfaces of ODC, yet these measurements are difficult to interpret in detail, largely because of poorly 
known pointing directions of these surfaces relative to Mr’s velocity vector. Indeed, some of the obser- 
vations suggest highly variable exposure geometries to the degree that the substantial differences in mean- 
encounter velocity and particle flux expected from a non-spinning spacecraft (e.g., Zook, 1991) are simply 
absent on ODC. This includes the distribution of track lengths (Figure 33) which should be velocity 
sensitive and, therefore, differ between Tray 1 and Tray 2. Furthermore, the observation of modestly 
fewer tracks on Tray 1 than on Tray 2 (Table 1 or Figure 36) is inconsistent with prolonged exposures into 


52 



forward- and rearward-facing directions on an otherwise stationary platform. Mr’s attitude must have 
been highly variable throughout the entire exposure period of ODC, as verified by the pinhole camera of 
PMPD (Kinard et al., 1998). 

Prominently clustered tracks and spatially isolated features of similar size and orientation on Tray 2 
demonstrate the presence of debris clouds and the production of sizable populations of impact features 
caused by secondaiy impacts on spacecraft. Such clouds may have distinctly heterogeneous mass 
distribution and contain particles of variable sizes. In this specific case a natural impactor encountered 
either some Mir structure at very shallow incidence, or it penetrated some thin membrane, such that only 
projectile fragments contributed to the secondary particle swarm. 

In conclusion, although the optical analysis and sample preparation for detailed compositional analysis 
via SEM-EDS or TEM methods are more time-consuming than for nonporous media, this apparent 
disadvantage is far outweighed by the ability to preserve and trap unmolten residues for most 
hypervelocity particles in LEO. Aerogel is unquestionably a most superior capture medium and the best 
that is presently available. Unfortunately, neither conventional, nonporous collectors nor aerogel yield 
reliable dynamic data for individual particles, including chronological information of collisional events. Such 
dynamic and chronologic data are ultimately needed to understand the hypervelocity environment in LEO. 
Active instruments should be developed that measure the mass and trajectories of individual particles that, 
when combined with aerogel collectors, would provide unambiguous evidence to associate specific par- 
ticles with either man-made sources and events, or with astrophysical sources, respectively (Zolensky, 
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APPENDIX A 

Following the removal of the individual tiles from Trays 1 and 2 of the ODC experiment, 
each tile was photo-documented, presumably in its most pristine state, using high-resolution 
optical (Hasselblad) photography, referred to as mug shots. All mug-shot photographs contain the 
tile identifier (e.g., 2B01 in the top legend; tray [1 or 2], column [A-F], row [01-06]) and are 
oriented such that the (0,0) coordinates are in the lower left-hand comer. Although the fairly 
translucent nature of aerogel makes it a difficult material to photograph, some of the larger impact 
features (> 1mm) are readily recognized; many features « 1 mm can be seen. We used these mug 
shots extensively during the optical scanning operations and during the preparation of SEM 
samples, documenting the physical splitting and subdividing of the pristine parent tiles. 

Before the individual mug shot photographs in Appendix A, we have repeated Figures 30 and 
32 from the body of this report. The first figure illustrates the location of the larger track, pit, and 
shallow-depression type features identified during the initial optical inspection of the samples 
following their removal from the experiment. The second figure shows the location of the tiles that 
have undergone the detailed scanning procedures discussed in the body of this report. 
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APPENDIX B 

Appendix B contains a data table that provides the major parameters recorded for each 
impact feature that was documented during the detailed optical scans of the 24 tiles that have 
undergone the detailed optical inspection. 

Table Definitions: 


All dimensions are given in micrometers (fim). 

Tile - provides information related to the tile location within the ODC experiment (e.g., 
1A01; tray [1 or 2], column [A-F], row [01-06]). 

F caturc # - individual feature number on a given tile. 

Particle D 2 & D 2 - if present, provide estimates of the major (D,) and minor (D 2 ) axis 
particle dimensions determined by microscopist using an eyepiece reticule in the scanning system 
microscope. 0 

Entrance Hole D minor & D major - if present, provide estimates of the major (D . ) and minor 
( D minor) axis measurements for the entrance hole of the track/pit/shallow-depression determined 
by microscopist using an eyepiece reticule in the scanning system microscope. 

Track Shape - Assigned by the microscopist during scanning operations to categorize the 
feature type being documented, c = carrot, cl = clyinder, p = pit, n = needle, s= split or bifur- 
cated, f = flake, n/s, n/c, cl/c, etc. indicates feature is a combination of two (e.g., n/s = needle 
type feature that is split or bifurcated). 

Track Length - Length of track determined by computing the difference in the X/Y/Z 
coordinates of the entrance hole and the X’/Y’/Z’ coordinates of the terminus of the feature. 

Direction - Indicates the direction, in two dimensions, of the particle or impactor in degrees 
(plus or minus) from 0 (i.e., 1 2:00 o/clock position or north). 
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Carrot, Cl = Clyinder, P = Pit, N = Needle, S = Split / Bifurcated, F = Flake 
All measurements are in micrometers (pm) 
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Carrot, Cl = Clyinder, P = Pit, N = Needle, S = Split / Bifurcated, F = Flake 
All measurements are in micrometers (pm) 
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Carrot, Cl = Clyinder, P = Pit, N = Needle, S = Split / Bifurcated, F = Flake 
All measurements are in micrometers (pm) 

I Particle , Entrance Hole, Track , Track , 
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Carrot, Cl = Clyinder, P = Pit, N = Needle, S = Split / Bifurcated, F = Flake 
All measurements are in micrometers (pm) 

I Particle , Entrance Hole, Track , Track , 
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